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Abstract
Transition metal-based catalysts are one of the most powerful tools available to chemists
and the development of ligand systems with which to modify their activity is a constant
area of research. In the last twenty years N-Heterocyclic carbenes (NHCs) have established
themselves at the forefront of organometallic chemistry. To increase the lifetime of the
catalyst these ligands are increasingly being immobilised on supports as, this allows
recovery and reuse while attempting to retain the activity. Cleaner, greener and safer
processes are increasingly important and the recovery of the catalyst by simple separation
also removes contamination and enables the possibility of re-use. This thesis describes
the development of a new concept to immobilise transition metal complexes through an
N-heterocyclic carbene ligand.
The introductory Chapter provides an overview of transition metal catalysis, introducing
the use of supported catalysis including the use of magnetic nanoparticles to aid the
recovery of the catalyst systems. A discussion is included of N-heterocyclic carbene
ligands, including their synthesis, activity in catalysis as ligands for metal complexes as
well as attempts to support the systems and their use in various reactions.
Chapter 2 provides an in-depth introduction to palladium catalysis, focusing on
cross-coupling and dehalogenation reactions. The design of palladium catalysts,
concentrating on palladium–NHC complexes and covers the use of supported catalysts.
The synthesis and immobilisation of a novel palladium carbene complex is also described.
The supported and unsupported complexes were screened in the Suzuki-Miyaura reaction
and dehalogenation reaction. The activity and recycling properties of the supported
catalyst system are discussed.
The next Chapter outlines the use of copper-NHC complexes in the 1,3-dipolar
cycloaddition reaction of azides and alkynes to form 1,2,3-triazoles. The preparation and
characterisation of a novel N-heterocyclic carbene ligand is described, along with the
construction of the supported copper systems. These catalysts were then investigated in
the cycloaddition reaction and assessed for their activity and recovery. The scope of the
reaction is also explored, investigating functional group tolerance.
The ﬁnal Chapter contains experimental procedures and characterisation data for
all compounds synthesised during this project.
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Part I
Introduction
1 Transition Metal Catalysis
Catalysis is an important ﬁeld for UK industry as it has a major role to play in the
creation of new processes or leading to the improvement of existing ones. An estimated
90% of products involve catalysis at some stage of their production. This is not surprising
when the application of catalysis is critical in the conversion of oil to value-added products.
Interest in the development of future catalysts is shown by the EPSRC funding body
which has injected almost £30 M for the latest research grants into catalysis.1
A catalyst by deﬁnition increases the reaction rate by lowering the activation energy
of a given reaction. The catalyst does this by enabling a diﬀerent pathway for the
reaction. Many catalytic processes have traditionally used transition metals such as
palladium, ruthenium, iron, nickel or copper.2 There are many industrial processes
that use transition metal catalysis.3 An archetypal example of this is the Haber-Bosch
process in which an iron catalyst is used to produce ammonia from hydrogen and nitrogen.4
Nature uses highly selective catalysts, enzymes, to transform nutrients into vital resources.
Importantly, copper, iron, manganese and zinc are important cofactors in metalloenzymes
and metalloproteins which are critical in biological systems.5,6 Traditionally, catalysts can
be separated into two diﬀerent categories: homogeneous or heterogeneous.
Homogeneous catalysts operate in the same phase as the reactants which allows a
greater interaction between the reaction partners. This advantage leads to a greater
potential for subtle alterations of the steric and electronic properties through modiﬁcation
of the ligand set, which can result in higher activity and selectivities.7
17
These catalytic species are generally soluble and therefore easy to monitor by
spectroscopic techniques such as 1H and 13C NMR spectroscopy for example. The
straightforward analysis of the structure of the catalyst (even during the reaction) which
allows changes to be made to the structure in an attempt to increase activity and selectivity.
However, homogeneous catalysts suﬀer from being diﬃcult to recover (due to the
homogeneous nature of the reaction) and so they can require expensive processes to
remove the catalyst from the product. They also often lack the durability required for
some industrial processes, as they can decompose under high temperatures and pressures,
preventing their use in some reactions.8
Conversely, heterogeneous catalysts exist in a diﬀerent phase to the reagents and
they are often formed from metals or metal oxides. Heterogeneous catalysts are generally
considered easy to recover, durable and highly active9 and they have found uses in a wide
range of industrial applications such as ammonia production4 and catalytic cracking of
gas oils, because of their high activity and durability in the processes to which they are
applied.3
The recovery and reuse are important factors for the catalyst as those reduce the
solvent waste as well as developing potential catalyst recycling strategies, lowering the
relative cost of the catalyst system.
As heterogeneous catalysts are in a diﬀerent phase to the reactants the rate of the
reaction can be aﬀected by the rate of diﬀusion as the reaction is only able to occur at the
interface between the phases.9 It is then imperative to maximise the catalytic interactions,
which can be accomplished by making the surface area as large as possible and trying to
ensure that as much of the surface is active and free of undesirable surface contaminants.
To increase the surface area, supports have decreased in volume, this has led to the
increasing use of nanoparticle sized catalysts. Nanoparticles (NPs) are usually deﬁned as
materials with a diameter of less than 100 nm (100 x 10-9 m). The size of the particles
enables them to mix like homogeneous molecules while suspended, but they can still be
separated from the mixture through centrifugation or ﬁltration. In this respect, they are
described as semi-heterogeneous or an intermediate situation between homogeneous and
heterogeneous.10–12
However, surface characterisation especially under catalytically relevant conditions
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is diﬃcult. This leads to the optimisation and modiﬁcation of the catalyst being hindered
as the mode of action is often not completely understood. These factors are summarised
in Table 1.13
Table 1 – Homogeneous vs. Heterogeneous metal catalysis
Homogeneous Heterogeneous
Composition/Form Soluble Metal Metals/Metal oxides,
Coordinate Complexes usually supported
Phase Liquid Gas,Liquid/Solid
Selectivity High Low
Diﬀusion Facile Important
Separation Generally Problematic Facile
Catalyst Recycling Expensive Simple
Mechanisms Reasonably understood Poorly Understood
The immobilisation of the metal or metal oxide catalyst is possible and improvements can
be made to the activity by modifying the metal environment. The rate of the reaction
is dependent on the surface area of the catalyst, a greater surface area leads to more
interactions between the reactants, increasing the reaction rate and so supports with the
largest surface area are targeted.
Much research on catalysis is based on transition metals which have historically
shown great promise in this area due to their ready formation of metallic complexes and
their ability to adopt diﬀerent oxidation states and exist in coordinatively unsaturated
forms.
The need for for inexpensive, readily available and active catalysts drives the development
of future systems. Simple metal salts might act as catalysts in many reactions, though
their activity is often limited. Modiﬁcations and developments can be made using ligands
to alter the electronic and steric properties and this extends their potential signiﬁcantly.
Ligands are drawn from the p-block elements and can be used to inﬂuence the reactivities
of the metal centre (σ-donor, pi-acidic or pi-donor ligands). In addition to the eﬀect on the
activity of the metal centre, the selectivity for certain products (especially enantiomers)
can be tuned.
1.1 Supported Catalysis
The heterogenisation of homogeneous metal complexes can be regarded as an opportunity
to harness the best of both homogeneous and heterogeneous systems. The immobilisation
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of an active system might allow similar activity to be combined with the easy recovery of
the catalyst.14
There are few early examples of supported catalysts and they usually involved a
metal directly attached onto various supports.15,16 Forty years later the use of transition
metal complexes enabled the attachment to be achieved through the ligand. Merriﬁeld
reported the preparation of a polymer supported enzyme,17 which encouraged the
development of polymer supported catalysts. The ﬁrst involved the immobilisation of
cationic platinum complexes on sulfonated polystyrene using ionic interactions.18–20
The use of various other supports such as zeolite supported liquid phase catalysis soon
followed.21–23
When a metal complex is used, the immobilisation is usually accomplished with
the use of a linker or spacer unit with which it is tethered to the support surface. This
approach allows separation of the (often bulky) active molecule from the support, which
is expected to improve the interaction between the reagents and the catalyst.24,25
Figure 1 – Supported catalyst technique
There are many diﬀerent supports available, including polymeric supports, with insoluble
and soluble polymers available. Silica supports, and porous supports like zeolites have
also been used. They are cheap and easily accessible although these aspects can lead
to drawbacks due to the size and due to the support structure rendering the catalyst
inaccessible for the reagents.26
In addition to reuse being possible, the ease with which the catalyst system can be
recovered is also important. With soluble polymers, it is possible to use liquid-liquid
extraction, whereas with insoluble supports ﬁltration is an eﬀective method to easily
remove the catalyst. These methods both require the use of solvent, which would be
best minimised. An alternative technique that has attracted much interest is the use of
magnetic nanoparticles as a support since it allows the use of a simple magnet to separate
the catalyst.27
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1.1.1 Magnetic Nanoparticles
Interest in magnetic nanoparticles has grown rapidly in the last few decades, with
applications being reported across a number of ﬁelds such as medical imaging and
information storage. Much of this activity stems from the fact that they are robust,
readily synthetically accessible and have excellent surface to volume ratio.7
Magnetic nanoparticles can be derived from cobalt, iron and nickel alloys (such as
FePt, CoPt), metal oxides (FeO, Fe2O3, Fe3O4) or ferrites (CoFe2O4). Although cobalt,
nickel or other elements could yield stronger magnetic properties, iron is cheap, stable
and has low toxicity.28 Common precursors for the synthesis of iron oxide nanoparticles
are iron salts, such as iron chloride, iron acetate, iron acetylacetonate, and iron carbonyls
(Equation 1).11,29
2Fe
3+
+ Fe
2+
+ 8OH
− −→ Fe3O4 + 4H2O (1)
As the size of the particles decreases (<50 nm) they become superparamagnetic.30
Nanoparticles such as magnetite (Fe3O4) or maghemite (Fe2O3) are popular as they
have superparamagnetic properties: they display no magnetic properties in the absence
of an external magnetic ﬁeld but, in the presence of an external magnetic ﬁeld a very
large eﬀect is observed. Removal of the magnet causes the particles to return to their
previous state.28 Magnetic nanoparticles have two components: a magnetic core and
a functionalised outer coating. There are several diﬀerent ways to synthesise magnetic
nanoparticles: co-precipitation, thermal decomposition, microemulsion and hydrothermal
synthesis. Each of these methods has drawbacks, either due to reaction temperatures and
pressures, reaction times, inert conditions, or limitations related to the yield, shape control
and size distribution.28 However, co-precipitation is arguably the easiest method,28 using
aqueous Fe2+/Fe3+ salt solutions, followed by the addition of a base under inert conditions
to give the desired magnetic particles. Once the conditions such as temperature, solvent,
and time have been optimised for the desired size, the reaction gives reproducible results.
After forming the nanoparticles, it is important to stabilise them as not only are
they prone to aggregation but (in some cases) they are also prone to oxidation upon
exposure to air. To prevent this, the particles are often covered with organic coatings
such as long chain acids, diols, alkyl amines or polymers.31,32 Alternatively, silica can
be used to stabilise the nanoparticles and this method also allows further modiﬁcation
of the surface.33,34 The particles can then be analysed by X-ray diﬀraction (XRD),
EDX spectroscopy and transmission electron microscopy (TEM) to assess the size and
distribution. The use of silica coating is quite common due to the low cost and it allows
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the functionalisation of the surface due to the terminal silanol groups.35 The growth of the
silica on the surface can be controlled using the Stöber method which involves hydrolysing
a sol-gel precursor.36 Other coatings cost more and do not have the stability or the ability
to be easily functionalised.
It is possible to support metals such as rhodium, ruthenium and platinum, which
have been immobilised on amine functionalised silica-coated magnetic nanoparticles, by
stirring a metal salt solution with the nanoparticles together.37 They have all shown
activity in hydrogenation reactions and, due to the use of magnetic nanoparticles, the
catalyst was recoverable for recycling reactions.38,39 The heterogenisation of catalysts
using magnetic nanoparticles as supports is becoming increasingly common and many
diﬀerent systems have been attempted.27
2 Metal Carbene Complexes
Carbenes are compounds that possess a neutral divalent carbon atom with six electrons
in its valence shell. Carbenes have been proposed for over 150 years,40 although not in
isolated form. Usually considered transient species, persistent carbenes can be trapped
and stabilised, and then be used as ligands. In this role, they have gained increasing
signiﬁcance across both organic and inorganic chemistry.41,42
Carbenes can exist as a singlet or triplet state depending on their electronic structure.
Singlet and triplet carbenes are known to generate diﬀerent complexes and exhibit
divergent reactivity. There are three type of metal carbene species: Fischer carbenes,
Schrock carbenes and N-heterocyclic carbenes.
In Fischer and Schrock carbenes the metal-carbene bond is the principal reactive
centre. Fischer carbene are singlet carbenes and favour low oxidation state metals, with
strong pi-acceptor ligands (e.g. CO, CN–, NO ligands). The carbenic carbon has pi-donor
substituents such as alkoxy and alkylamine groups while the carbene donates through a
lone pair in a σ-bond to an empty metal d-orbital. The pi-backbonding from the ﬁlled
metal d-orbital to the empty p-orbital on the carbene leads to a double bond (Table 2).43
The bond order is actually less than two due to the possible resonance forms.
Schrock carbenes are triplet carbenes, in which the carbene carbon has hydrogen
and alkyl substituents. They are typically found with early transition metals, in a high
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oxidation state and with pi-donor ligands (e.g. OR, halide ligands). The Schrock carbene
complex shown on the right in Table 2 below, demonstrates excellent activity in oleﬁn
metathesis reactions.44
Table 2 – Fischer and Schrock complex bonding and examples
Fischer type Schrock type
M
R
R
M
R
R
(OC)5W
O
Ph Mo
N
O
O
Me
Ph
Me
i-Pri-Pr
Me
CF3
CF3
F3C
F3C
Me
N-Heterocyclic carbenes (NHCs) are heterocyclic carbenes with at least one α-amino
substituent. In contrast to Fischer and Schrock catalysts, the NHCs are mainly spectator
ligands. Electronic donation from the lone pair of the pi-donating substituents to the empty
p-orbital of the carbenic carbon atom stabilises the carbene. The two available electrons on
the carbon occupy a σ-orbital with singlet ground state (Figure 2).41 This is very eﬃcient
due to the rigidity of their cyclic structure.
N
N
R
R
Figure 2 – Imidazolylidene structure showing stabilisation by electron donation
NHCs have sometimes been regarded as a sub-class of Fischer carbenes due to the fact
that both exist in the singlet state. However, NHCs can be diﬀerentiated from Fischer
and Schrock carbenes due to their single σ-bond41 to the metal compared to the double
bonds usually shown for Fischer and Schrock carbene species.43 NHCs are depicted with
a single bond as the bond is formed through interaction of the σ-orbital with the metal.
There has been some demonstration of pi-backbonding occurring in [M(NHC)] complexes,
up to 30% in some cases.45
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It was initially considered that NHCs were similar to phosphines, due to similarities
in metal coordination chemistry and ligand properties - they are monodentate, neutral
and two-electron donors.46 However, NHCs are more electron-donating than phosphines
leading to stronger bonds, thus reducing lability and oﬀering a diﬀerent tunable steric
proﬁle compared to phosphines (Figure 3),47 which are prime reasons for their adoption
in many applications.
R1
P
R2
R3 NN
R1 R2
Figure 3 – Phosphine and NHC steric profiles
N-Heterocyclic carbenes often lead to exceptionally strong metal-carbene bonds with high
thermal and hydrolytic stability. NHCs have the ability to bond to low valent and high
valent transition metals, as well as lanthanides and actinides.48
N-Heterocyclic carbenes also oﬀer structural versatility as they are modular with
the possibility to modify the nitrogen atom substituents, as well as the backbone.49 In
the last 20 years, a plethora of NHCs has been synthesised and used to form well-deﬁned
transition metal complexes. NHCs have now established themselves ﬁrmly at the forefront
of applied organometallic chemistry.50
2.1 N-Heterocyclic Carbenes
The ﬁrst N-heterocyclic carbene complex was prepared by Chugaev et al. in 1915, though
the correct structure was not determined until the 1970s.51 Well-deﬁned NHC metal
complexes were synthesised by Wanzlick in 1962,52 by introducing strong electron-donating
groups next to the carbene in order to increase the stability and form a nucleophilic carbene.
Öfele later discovered the ﬁrst monodentate transition metal NHC complex.53 Wanzlick
independently prepared a mercury bis(carbene) compound (Figure 4).54 However, in each
case they were unable to isolate the free carbene.
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Figure 4 – Transition metal carbene complexes by Chugaev (left), Öfele (centre) and Wanzlick
(right)
The ﬁrst free organic carbene was isolated by Bertrand,55 however, NHC complexes
remained a curiosity until Arduengo et al.56 isolated the ﬁrst stable imidazol-2-ylidene,
1,3-bis(adamantyl)imidazol-2-ylidene, IAd (1, Scheme 1) in 1991. This discovery initiated
widespread research into NHCs and their metal complexes.
N
N
N
N
NaH
cat. DMSO
THF
H
Cl
1
Scheme 1 – IAd original synthesis
The most commonly used NHCs are ﬁve-membered rings such as imidazolylidenes,
imidazolinylidenes, thiazolylidenes, triazolylidenes and pyrazolylidenes. The 5-membered
ring NHCs with modiﬁed backbones (for example, a phenyl backbone,57 diboron
backbone58 or a carbonyl group59–61) are known as well as NHCs with expanded
ring sizes.62,63 The latter NHCs have been reported to display diﬀerent activities and
selectivities due to the diﬀerent electronics and steric properties of the ligand.47 Some
examples are shown in Figure 5.
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imidazolylidene thiazolylidene
N
NN RR N
NR
triazolylidene pyrazolylidene
NN RR
imidazolinylidene
R
N RR
NO RR
NN RR NN RRN N
R R
pyrrolylidene
oxazoylidene
benzimidazolylidene perhydrobenzimidazolylidenedihydroperimidinylidene
P N
R R
N N
R R
phosphazinylidene tetrahydropyrimidinylidene
tetrahydrodiazepinylidene
NN
NN RR
4,5-dichloroimidazolinylidene
Cl Cl
Figure 5 – A selection of NHC structures
There are also acyclic carbenes64 and carbenes with just one nitrogen, however, these are
less common and will not be discussed in this thesis.
2.1.1 N-Heterocyclic Carbene Ligand Synthesis
There are numerous routes to the various N-heterocyclic carbene systems.65 The synthesis
of 1,3-disubstituted imidazolium salts has long been established,66 as these can be easily
deprotonated to give the carbene species.56
The procedure to form symmetrical imidazolium salts is a two step process, which
can be carried out in a single vessel (Scheme 2). This is achieved by mixing glyoxal
with the primary amine to achieve condensation then cyclisation can be achieved with
paraformaldehyde under acidic conditions to give the imidazolium salt. These salts are
stable, can be produced on a large scale and can be stored in air.66–68
NN RR
O
O
R NH2
H
O
H
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H
X
HX
-H2O
N
N
R
R
Scheme 2 – Symmetrical NHC·HX synthesis
In order to access unsymmetrical NHCs,69 the nitrogen substituents are introduced in two
diﬀerent steps. This can be achieved using one equivalent of the amine, with oxalic acid
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monoethyl ester chloride then adding the other amine group followed by cyclisation using
triethylorthoformate (Scheme 3, A). Instead, the mono-substituted imidazolium ring can
be prepared ﬁrst, using one equivalent of the amine, with glyoxal and paraformaldehyde
(Scheme 3, B), or from a preformed imidazole (Scheme 3, C) after which the other
substituent is introduced.
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H
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H
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O
O
Cl
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O
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ClH
NH3
RNH2 R'NH2 HC(OEt)3A
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Scheme 3 – Synthetic route to unsymmetrical imidazolium salts
The synthesis of the saturated ligand involves reduction of the backbone before cyclisation.
Symmetrical saturated ligands can be formed using two equivalents of the amine to one of
glyoxal in the ﬁrst step. The synthesis is completed by cyclisation with triethylorthoformate
and ammonium tetraﬂuoroborate, whilst removing the ethanol produced.
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HC(OEt)3
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Scheme 4 – Synthetic route to imidazolinium salts
It is also possible to prepare highly substituted imidazolium salts70,71 through numerous
other routes based on various diﬀerent starting materials. For example, this can involve the
substitution of a preformed imidazole (Scheme 5, A) or to treat a substituted diimine with
an alcohol (Scheme 5, B). A third route combines a substituted halogenated ketone with
a formamidine to yield a imidazolium salt (Scheme 5, C). Another technique was reported
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by Fürstner via a substituted oxazole, followed by treatment with an amine to give the
desired imidazolium salt (Scheme 5, D).71 These modiﬁcations can be made across the
5-membered cyclic structure, opening up a wide range of possibilities.
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Scheme 5 – Substituted imidazolium synthetic routes
After synthesising the imidazolium precursor, the salt can then be deprotonated to access
the free carbene. The synthetic route developed by Arduengo is still the one commonly
used to prepare free NHCs, achieved using a strong base, typically NaH or KOt-Bu.56
This is because the precursors are stable and the reaction conditions are mild, though
occasionally problems are encountered as base-sensitive functionalities cannot be used.
A range of routes is now available to generate the free carbene from diﬀerent starting
materials (Scheme 6). Though less common, some of these methods have distinct
advantages. For example, it is possible to desulfurise thioureas with potassium in hot
THF. The by-product, K2S, is insoluble in THF and so easy to remove.
72,73 Vacuum
pyrolysis can also be used and removes volatile by-products such as C6F5H.
74 NHC–CO2
adducts can simply be heated to form the free NHC in situ, and can be used in systems
when the activation of the catalyst needs to be delayed.75 Another technique treats
chloroazolium salts with Hg(TMS)2 to give the free carbene, [TMS]Cl and elemental
mercury.76
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Scheme 6 – Techniques to generate the free carbene
Symmetrical imidazol-2-ylidenes have been used widely, due to their facile
synthesis and complexation to a metal. Commonly imidazol-2-ylidenes
used as ligands include IAd (1,3-bis(adamantyl)imidazol-2-ylidene),
IMes (1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene), IPr
(1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) and the saturated SIMes
(1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene), which are all shown below (Figure 6).
NN NN
NN
IMes SIMes
ICy
NN
IAd
NN
IPr
Figure 6 – NHCs commonly used as ligands in metal complexes
2.1.2 N-Heterocyclic Carbenes in Catalysis
The potential of N-heterocyclic ligands as genuinely useful ligands in the catalytic
arena stems from work in 1995. Herrmann et al. 77 synthesised a bis–NHC palladium
diiodide complex 2 and reported its catalytic potential in the Heck coupling reaction
(Scheme 7).77 Palladium NHC complexes have since been shown to display activity in
other cross-coupling reactions such as Suzuki-Miyaura and Sonogashira couplings, as well
as aryl aminations.78,79 This will be further discussed in Chapter 2.
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Scheme 7 – Pd–NHC complex
Aside from palladium NHC complexes, research has focused principally on the
catalytic applications of NHCs in ruthenium-catalysed oleﬁn metathesis.80–84 In
1998, Herrmann modiﬁed Grubbs’ ﬁrst generation ruthenium metathesis catalyst,
[Ru(−CHPh)Cl2(PCy3)2],
85 to incorporate IMes ligands instead of the phosphines.86
Higher activities and greater stability were observed for this NHC complex than the original
bis(phosphine) compound. After investigation of the reaction mechanism,87 catalysts were
prepared with a combination of the bulky and labile tricyclohexylphosphine ligand and
diﬀerent NHCs (IMes and SIMes).81,88 This led to the Grubbs’ second generation catalyst,
bearing both a phosphine and an NHC ligand (the saturated SIMes) due to their combined
greater basicity,89 to give [Ru(−CHPh)Cl2(SIMes)(PCy3)] (Figure 7).
80,81,88,90 This led to
faster reaction times and greater functional group tolerance compared to other previously
leading catalysts.90 The second generation Hoveyda-Grubbs catalyst was later developed,
replacing the phosphine ligand with a chelating oxygen (Figure 7).91,92
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Figure 7 – Grubbs’ catalyst evolution
Additionally, [Ru(NHC)] complexes have been used in other catalytic reactions,93 enjoying
widespread use in transfer hydrogenation reactions using a sacriﬁcial hydrogen donor,
usually an alcohol (e.g. 2-propanol). Horn reported a ruthenium complex 3 with a chelating
alkene tethered to an NHC that was highly active in the transfer hydrogenation of alkenes
and ketones (3 showed total conversion in 30 mins, 1 mol% at 80 ◦C).94,95 To enhance
activity the ligand set of the complex was modiﬁed, including bis(NHC) chelates and
diﬀerent N-substituents. Studies showed that a mono-NHC complex performed better,
and it was likely the N-substituent alkyl chain had little eﬀect. The arene ligands can be
varied, changing their lability and donor properties, as demonstrated by compound 4.96,97
A bis(NHC) complex by Lund required 5 mol% catalyst loading under 4 atm pressure at 45
◦C to achieve total conversion.98 Phosphine-functionalised N-heterocyclic carbene ligands
have been shown to be active in asymmetric transfer hydrogenation (ATH) of ketones to
alcohols (5 showed 94% conversion with 0.5 mol%, after 1 h at 80 ◦C), though a species
with a tridentate chelate was shown to be much less eﬀective.99
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Figure 8 – Examples of [Ru(NHC)] transfer hydrogenation catalysts
Transfer hydrogenation has also been investigated with iridium NHC complexes. Nolan and
co-workers ﬁrst reported catalyst 6 displaying excellent activity in transfer hydrogenation of
ketones and alkenes using loadings as low as 0.025 mol% and reaching complete conversion
within 1 h at 80 ◦C.100 Studies continued in this ﬁeld with a bis(carbene) complex
prepared by Crabtree which has the advantage of being air and moisture stable, though a
slightly higher catalyst loading was required (0.1 mol%–1 mol%) in order to reach similar
conversions.101 Optically active iridium catalysts such as 7 have been used to create chiral
products by ATH.102 Iridium complexes with cyclopentadienyl ligands such as 8103 and 9
have generally shown greater activity than ruthenium catalysts.97
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Figure 9 – Iridium-based transfer hydrogenation catalysts
Rhodium N-heterocyclic carbene complexes have also shown activity as transfer
hydrogenation catalysts.104 A signiﬁcant number of [Rh(NHC)] complexes have been
prepared by Decken et al. taking inspiration from Wilkinson’s catalyst (Figure 10). These
have been employed not only in alkene hydrogenation reactions (Scheme 8),105 but also
in other transformations including hydrosilylation,106,107 hydroformylation,108 arylation109
and cyclisation reactions.110
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Figure 10 – Wilkinson’s catalyst
N N
RhR3P Cl
PR3
CH3
60 °C, 100 psi H2
toluene
CH3
R = p-C6H4OMe
Scheme 8 – Rhodium catalyst for hydrogenation reactions
In addition to group 9 metals, [Fe(NHC)] complexes have been used by Kandepi et al. for
hydrosilylation reactions showing good activity with total conversion being reported at 80
◦C in 2 h.111
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Scheme 9 – Hydrosilylation reactions using the iron catalyst reported by Kandepi
In addition to reduction reactions, [M(NHC)] complexes have also been used extensively
in oxidation reactions. Iridium complexes designed by Hanasaka,112 using AgOTf and
requiring no additional base, gave high conversions and the system was found to be
particularly applicable to the oxidation of acid-sensitive alcohols.
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Scheme 10 – Oxidation using an Ir(NHC) catalyst
Another metal that has been shown to form active complexes is copper. Copper NHC
complexes have shown activity in a variety of reactions including conjugate addition
reactions,113,114 carbene transfer reactions,115,116 cross-coupling reactions.93 and [3 + 2]
cycloaddition reactions,117,118 which will be discussed further in Chapter 3.
In conclusion, N-Heterocyclic ligands have proved to be highly desirable donors in
catalyst systems. A list of metal NHC complexes and a selection of reactions in which
they have shown activity is shown (Table 3).
Table 3 – Some metal NHC complexes and reactions in which they have shown activity
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Iron119 ✓120 ✓121
Nickel ✓122 ✓123 ✓121,124 ✓125 ✓126 ✓127,128
Copper ✓129 ✓130 ✓131 ✓132 ✓133,134
Ruthenium ✓135 ✓136 ✓137 ✓94
Rhodium ✓105 ✓106 ✓138 ✓105
Palladium ✓139,140 ✓141 ✓78 ✓142 ✓143
Silver ✓144
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Iridium ✓145,146 ✓112 ✓100
Platinum ✓145,146 ✓112
Gold ✓147,148 ✓133
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NHC themselves can also be used as organocatalysts,149,150 in ring-opening reactions as
well as benzoin condensation reactions.151
Away from catalysis, NHC metal complexes have started to receive attention on
account of their medicinal properties,152 such as antimicrobial potency or in anticancer
therapy.153 Silver, gold, ruthenium, rhodium and palladium complexes have shown activity
as well as some imidazolium salts themselves.153
2.1.3 Supported [M(NHC)] Catalysts
The immobilisation of NHC complexes on solid supports in order to improve recovery and
reuse has received increasing attention.154 Well-known catalysts containing NHCs have
been reported, in which other ligands have been modiﬁed in order to introduce a tether to
the support. One of the ﬁrst NHC complexes to be immobilised was the Grubbs catalyst.
There are several options for anchoring this ruthenium complex to a support, with diﬀerent
ligands within the ligand set amenable to modiﬁcation, leading to a range of diﬀerent
heterogenised systems.155 An early method explored was to immobilise the catalyst via the
alkylidene on to polystyrene beads by Barrett.156 This was followed by Nolan in the same
year, with a polydivinylbenzene support (Figure 11).157 Both these supported catalysts can
be described as ’boomerang’ catalysts as the metal is released into the reaction mixture
and then recovered at the end of the cycle. The catalyst was then reused, but only a low
activity was observed in a third run.158 Nolan was able to demonstrate, through atomic
absorption spectroscopy, a very low level of metal leaching, using the polymer support
as a scavenger.157 The polymer supported SIMes catalyst reported by Nolan exhibited
similar activity to the homogeneous parent and could be recycled four times without loss
of activity. Minimal leaching was reported (5% of the initial loading after four runs) with
the metal supported on the polymer.157
Ru
NHC
Cl
Cl
PCy3
Figure 11 – Supported catalyst technique used by Barrett and Nolan
The ’boomerang’ catalysts illustrate one of the issues associated with supporting
homogeneous catalyst systems. The ligand chosen for the attachment of the tether
must not be lost as recovery at the end of the process will be diﬃcult and catalyst
loss (leaching) is likely to occur. This is the case when incorporating the tether in the
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alkylidene (which undergoes metathesis in the reaction) or a phosphine (which is lost to
generate a coordination site).
In contrast to this approach, Grubbs catalysts have been supported by the modiﬁcation
of the NHC ligand. The Ru–NHC bond is usually very strong, so tethering through the
NHC should lead to a more robust system that is easier to recycle. Blechert attached the
complex through the NHC backbone, which allowed the complex to remain permanently
attached to the support (Scheme 11). The support was modiﬁed from the outset, by
deprotonating the hydroxyl group on the diamine 10, to give the supported diamine 11.
This was then cyclised under acidic conditions and anion exchange was employed to give
the supported imidazolinium chloride salt 12. Compound 12 was then converted to a
2-alkoxy-imidazolidine 13, which under high temperatures eliminates tert-butanol. 13 was
deprotected in situ and stirred with the ruthenium complex to give the desired supported
catalyst 14, however, no yields were reported in the article.159
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Scheme 11 – Supported catalyst synthetic route reported by Blechert
This catalyst then tested in oleﬁn metathesis reactions and then recovered by ﬁltration
and recycled. In comparison to the unsupported homogeneous catalyst, the reaction times
were eight times slower. When the catalyst was reused even slower reaction times were
observed for each cycle (1.5 h, increasing to 48 h after 4 runs).159
A more popular technique to modify the NHC ligand is to attach the support through the
nitrogen substituent. This is because it is much easier to modify the substituent on the
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nitrogen atom and the metal complex can then be formed before immobilisation takes
place. When supporting on silica, this is usually achieved through a –(CH2)3Si(OEt)3
linker moiety, with a three-carbon chain used to prevent hydrolysis. It is possible to
design the metal complex and then attach it to the support in the ﬁnal step. Çetinkaya
synthesised a NHC supported catalyst that could be recycled ﬁve times, by washing the
silica supported catalyst with diethyl ether, without signiﬁcant loss in activity (93%, 91%,
90%, 92%, 92% conversions at 80 ◦C after 2 h), but again there was loss in activity in
comparison to the homogeneous catalyst (97% conversion at room temperature after 2
h).160
Despite its popularity, modiﬁcation at the nitrogen in order to attach to the support
appears to lead to a loss of activity due to the steric and electronic proﬁle of the
NHC being compromised by such modiﬁcation. The loss of control over the steric tuning
possibilities oﬀered by the adjustment of the exocyclic nitrogen substituents is a signiﬁcant
drawback. This is because only one nitrogen substituent is then available with which to
control the steric environment of the metal. Alternatively, it is possible to modify the
desired substituent on the nitrogen atom (e.g. mesityl, adamantyl) to contain a linker
group. However, this method is synthetically challenging as it requires the functionalised
substituent to be incorporated from the start, as it is diﬃcult to modify the substituent
once it is attached to the imidazolium structure.
Supported NHCs with metals other than ruthenium have also been reported. With
the popularity of reactions such as cross-coupling, immobilised Pd–NHC catalysts have
also been prepared, which will be discussed further in Chapter 2. Recoverable Cu–NHC
catalysts will be discussed in Chapter 3.
Overall, immobilised catalytic systems have been developed but most have demonstrated
various drawbacks, such as diﬃculties characterising the supported catalyst, slower
reaction times or only modest enhancement of catalyst recovery.
3 Project Aims
In the light of previous work, it is clearly preferable for characterisation of the catalyst
to devise a system that can be attached to the support after the metal has been bonded.
Also, the unsupported catalyst could then be used as a benchmark to compare with the
heterogeneous version. In this study, N-heterocyclic carbene ligands will be modiﬁed to
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incorporate a versatile functional group such as an alcohol group on the backbone. It is
envisaged that the metal will be coordinated, and then the complex will subsequently be
immobilised onto various supports such as silica nanoparticles. The support used would
ideally enable recycling using as little additional solvent as possible. The catalyst would be
recovered, analysed and then reused in the reaction. This research will focus in particular
on silica based supports, as these are cheap and easily prepared. The incorporation of
magnetic nanoparticles into the supports will also be investigated and these supported
complexes will be evaluated in recycling experiments. This novel concept will then be
applied to diﬀerent chemical transformations.
N N RR
Support
[ML]
Figure 12 – N-Heterocyclic carbene target structure
The studies will focus on creating a novel transition metal NHC complexes that can be
supported and used in catalysis. This research focuses on N-heterocyclic carbene metal
complexes of palladium and copper. Palladium has shown great activity in a broad range
of reactions across chemistry, such as the Suzuki-Miyaura cross-coupling reactions and
these will be discussed in Chapter 2. Copper has shown excellent activity with NHC
ligands in reactions such as the [3+2] azide-alkyne cycloaddition, which will be further
studied in Chapter 3.
Once assembled, the immobilisation approach will be applied to the various catalytic
reactions. Investigating the optimal conditions for the reaction and recovery as well as
the scope of the novel supported catalyst will be important to enhance durability and the
activity. The metal leaching of the catalysts will also be investigated as this is imperative
for their recovery and reuse as well as for reactions where low metal contamination is
required. Ultimately, the ability to recycle a catalyst lowers the cost of the reactions
and helps ensure a lower environmental impact. This study will produce a new type of
heterogenised supported catalysts, as well as a concept that could be applied to a range
of metals and future catalysts.
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Part II
Catalysis using a Supported
Palladium–NHC complex
4 Introduction
Palladium has been investigated for over 100 years, but in the last 50 years it has become
an invaluable transition metal in catalysis, opening up routes to molecules previously out
of reach of synthetic chemists. Nearly all areas of organic chemistry have been inﬂuenced
by the use of this transition metal.161
Palladium is a group 10 transition metal and has two commonly observed oxidation
states of Pd(0) and Pd(II). The exchange of two electrons between these valencies is the
basis of most catalytic transformations. Pd(I) and Pd(IV) are also known, but are less
common.162 Palladium is instrumental in many bond forming reactions, for example: C–C
bond formation such as cross-coupling, allylic alkylation (Tsuji-Trost reaction163,164) and
carbon-heteroatom bond forming reactions (Buchwald-Hartwig165,166). It can also take
part in polymerisation reactions167 and cycloisomerisation reactions.168
5 Palladium Catalysis
5.1 Carbon-Carbon Bond Forming Reactions
Palladium is arguably most famous for its use in cross-coupling reactions.169 These
transformations are used to form carbon-carbon or carbon-heteroatom bonds via the
intermediacy of metal-carbon bonds. Palladium is frequently used in the form of a
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palladium(II) precatalyst species as they can then be reduced to palladium(0), the actual
catalytic species. Palladium(II) precursors are more easily handled than Pd0 species (such
as [Pd(PPh3)4] and [Pd2(dba)3]), which undergo rapid oxidation in air. A drawback is
that the use of a PdII precatalyst can mean that there will be an induction period for the
reduction to Pd0. This period depends on the ligands and the catalyst. All cross-coupling
reactions have broadly similar mechanisms with the choice of reagents being the major
diﬀerentiating factor (Scheme 12). These involve the activation of the palladium catalyst
(if required), followed by the oxidative addition of the ﬁrst substrate, followed by a
transmetallation step. When both the coupling partners are bonded to the palladium metal
centre, a reductive elimination step can take place to regenerate the active palladium(0)
species and produce the desired coupled product. In 2010, work by Heck, Negishi and
Suzuki on palladium catalysed cross-coupling reactions was awarded the Nobel Prize for
Chemistry.170
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Scheme 12 – General mechanism for palladium cross-coupling reactions
Before the use of palladium, the formation of these bonds was very diﬃcult and often
required harsh conditions. In the 1970s, copper and nickel were commonly used for
these reactions.171 Large amounts of copper were used at high temperatures, which
led to competing homocoupling reactions resulting in signiﬁcant by-products.172 In
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other reactions, stoichiometric amounts of nickel would be needed to give a reasonable
conversion.173 The use of palladium in these reactions was pioneered by Heck, who ﬁrst
successfully used this approach in 1968 to couple two molecules together to form a C–C
bond.174 It was thus demonstrated that palladium would catalyse the arylation of an
oleﬁn with a non-stoichiometric palladium loading, now referred to as the Heck reaction
(Scheme 13).175
Br
Pd catalyst (1 mol%)
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Scheme 13 – Typical Heck Reaction
The mechanism of the cross-coupling reaction involves a palladium(0) species undergoing
oxidative addition of the halide substrate, followed by the co-ordination of the alkene to the
palladium centre. This is followed by insertion of the alkene into the Pd–C bond to form a
new C–C bond. The β-hydride elimination step then takes place and the coupled product
dissociates. The active zerovalent palladium species is then regenerated through reductive
elimination by use of a base in the reaction. The mechanism favours the regioselective
formation of the (E )-isomer, over the (Z )-isomer. This is due to the rotation required in
the mechanistic cycle to allow the β-hydride elimination.176
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Scheme 14 – Widely-accepted Heck reaction mechanism
Palladium complexes were then applied to the catalysis of other cross-coupling reactions
to form C–C bonds.174 There is now a variety of named reactions based on cross-coupling
reactions with various diﬀerent substrates (Table 4). The reactions use a halide (or
pseudohalide species) with an organometallic substrate.
Table 4 – Palladium Named reactions
Year Coupling Partners Reaction Name
1972 R1–MgX Kumada
1975 R1CCH, (Cu co-catalyst) Sonogashira
1977 R1–ZnR23/R3–AlR43 Negishi
1978 R1–SnR23 Migita-Kosugi-Stille
1979 R1–B(OH)2Base Suzuki-Miyaura
1988 R1–SiR23 Hiyama
After the pioneering work by Heck, the palladium-catalysed coupling of acetylenes with
aryl or vinyl halides was separately reported by three groups: Sonogashira,177 Cassar,178
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and Heck.179 Previously copper was used as the sole catalyst, requiring energy intensive
conditions. The coupling conditions reported by Sonogashira, employing copper as a
co-catalyst, allowed the reaction to occur under mild conditions (Scheme 15). Copper
activates the terminal triple bond forming a copper-acetylide species. Instead catalytic
amounts of the transition metals were required, and it could be carried out at room
temperature. The Sonogashira method also shows excellent functional group tolerance and
is able to be used as a late stage coupling process in complex molecules.177
I Ph Ph
[PdCl2(PPh3)2] (0.5 mol%)
CuI (1 mol%)
Et2NH, RT, 3 h
Scheme 15 – Sonogashira reaction and conditions
The accepted mechanism of the Sonogashira reaction involves the oxidative addition of
the aryl halide. Copper reacts with the alkyne to form an acetylide which then undergoes
transmetallation, regenerating the copper salt and resulting in a palladium acetylide. The
ligands on the palladium can isomerise from mutually trans- to cis- positions. When in
the cis- geometry, reductive elimination can take place, giving the desired coupled product
and regenerating the active Pd0 species for another cycle to commence (Scheme 16).
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Scheme 16 – Sonogashira cross-coupling mechanism
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5.2 Suzuki-Miyaura Cross-Coupling Reactions
The Suzuki-Miyaura coupling reaction is the palladium-catalyzed cross-coupling between
alkenyl- and arylboronic acids (boronic esters and organotriﬂuoroborate salts can also
be used) and aryl halides or pseudohalides. Heck ﬁrst observed the coupling using
stoichiometric quantities of palladium,176 while Suzuki and Miyaura demonstrated that
a less than stoichiometric amount of palladium could also be used (Scheme 17).180,181 Over
time, the substrate scope has broadened beyond aryl halides to include pseudohalides such
as triﬂates (OTf). Boronic acids are typically used but require a base to activate them, for
example NaOH or K2CO3.
R
R
B(OH)2
Br
2 eq K2CO3 aq.
3 mol% Pd(PPh3)4
Benzene, ∆
Scheme 17 – Original Suzuki-Miyaura reaction and conditions
Suzuki-Miyaura reactions incorporate many advantageous features; they allow easy
handling and usually involve air- and moisture-stable organoboron starting materials with
mild and convenient reaction conditions and the facile removal of low toxicity inorganic
by-products.182–184
These aspects make the Suzuki-Miyaura coupling reaction especially useful in
pharmaceutical or ﬁne chemical applications.
The Suzuki-Miyaura coupling has a very similar mechanism to those previously
mentioned involving oxidative addition, followed by transmetallation, and ﬁnally reductive
elimination providing the coupled product as well as the regenerated active palladium
species (Scheme 18). It has opened up a wide range of molecules based on aryl-aryl
coupling.
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Scheme 18 – Suzuki-Miyaura general mechanism
Industrial application is often the ultimate testimony to the utility of a synthetic
methodology and several of these techniques are currently in use in the ﬁne chemical185,186
and agrochemical industries.187
5.3 Dehalogenation Reactions
During cross-coupling reactions, a number of side reactions can occur including the
formation of homo-coupled substrates and the reduction of the substrates. The ﬁrst step
of the dehalogenation mechanism is the oxidative addition of the Ar-X bond to the metal
centre, followed by the introduction of a hydrogen (typically from the solvent), with
reductive elimination yielding the dehalogenated product. The reduction of halogenated
molecules is an important chemical transformation188 especially in terms of safeguarding
the environment. The development of catalysts for this reaction is also desired, with
palladium being the most frequently employed transition metal catalyst.189
Catalysts for this transformation have been optimised in recent years and loadings
have decreased. Palladium phosphite complexes showed activity in the dehalogenation
of aryl chlorides using 2.5 mol% [Pd] and a strong base, whereas only 0.5 mol% was
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required for the debromination of aryl species. High temperatures were required and some
homo-coupling was detected under these reaction conditions.190,191
Nolan’s group observed dehalogenation during Suzuki-Miyaura reactions with an
N-heterocyclic carbene palladium allyl chloride complex (Scheme 19). Using harsh
microwave conditions (120 ◦C for 2 min with NaOt-Bu as base) they were able to reduce
4-chlorotoluene using 0.025 mol% of [Pd(allyl)Cl(IPr)]. The same result could be achieved
at 60 ◦C in 3.5 h. The importance of the NHC ancillary ligand was conﬁrmed, as when
using 1 mol% [Pd(allyl)Cl]2, only a 45% yield of the toluene product was aﬀorded.
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Scheme 19 – Dehalogenation mechanism
6 Palladium Catalyst Design
Palladium catalysis employs active materials derived from palladium complexes or salts.
Zerovalent [Pd(PPh3)4] or divalent palladium compounds (Pd(OAc)2 or PdCl2) are
commonly used. One of the ﬁrst ligands used was PPh3 (15), due to its ready availability,
low cost and ability to modify the catalyst reactivity.176 The use of ligands to increase the
activity of the metal can also lower the metal loading required in the reaction. Diﬀerent
structures and designs have been explored in order to provide a large range of available PR3
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ligands (for example XPhos 16 as well as ligands including biaryl groups 17, 18). Under the
right conditions, the reaction rate can be accelerated and the use of a structurally diﬀerent
complex can help broaden the scope of the transformation opening up the possibility of
diﬀerent product selectivity.
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Figure 13 – Phosphine ligands used in Pd complexes
The choice and design of the ligands is recognised as a hugely important factor for a
successful catalyst. Various phosphines have been investigated, including bidentate ligands,
and these have been shown to increase reaction rates in many cases over the initial
triarylphosphines used. The lack of a well-deﬁned catalyst often leads to excess ligands
such as the large bulky phosphines, being used, adding extra expense in addition to that of
the palladium source.193 However, phosphine complexes, especially with custom designed
phosphines, can be expensive and suﬀer from loss of activity if the phosphines are lost
and then oxidised. Having a more durable and active catalyst, which is able to complete a
greater number of turnovers at a higher frequency is important.
6.1 Palladium NHC Catalysts
In recent years, N-heterocyclic ligands have been employed with increasing frequency
in palladium catalysis.78,79 [Pd(NHC)] species have shown activity in all the coupling
reactions and have been employed beyond the standard Suzuki-Miyaura reactions,
in Buchwald-Hartwig coupling reactions, Heck reactions and Sonogashira reactions.194
Originally it was believed that a Pd0–NHC species would be unstable, so research eﬀorts
concentrated on PdII–NHC complexes to provide a long lived precatalyst. Herrmann
synthesised the ﬁrst Pd(NHC) complex, cis-[PdI2(NHC)2] (19). This complex was the
ﬁrst [M(NHC)] catalyst that demonstrated activity in the Heck reaction (Figure 14).77
Herrmann later produced a chelating NHC, creating a bis(NHC) Pd-complex 20.195
Following this, a homoleptic palladium(0) complex (21) from a palladium(0) precursor
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was explored. This sterically congested complex was found to be an improvement over the
catalysts used in the Suzuki-Miyaura cross-coupling reaction at the time. In the coupling
of 4-chlorotoluene with phenyboronic acid, using 3 mol% of the catalyst and CsF at 80 ◦C,
it gave a conversion of 97% within 20 minutes. However, when the reaction was performed
at room temperature, the reaction took 6 h. An induction period was not observed though
the formation of palladium black was encountered, leading to the conclusion that clusters
of [Pdn(NHC)m ] (n > 0.5 m) were forming.196
Pd
I
I
N
N
N
N Me
Me
N
N
Pd
N
N
Pd
I
I
N
N
N
N
19 2120
Figure 14 – Palladium NHC catalysts reported by Herrmann
Glorius prepared a homoleptic carbene palladium complex (22, Figure 15) that showed
activity in the Suzuki-Miyaura reaction with hindered aryl chlorides, using 3 mol%
of palladium.197 A study by Cloke was able to isolate the oxidative addition product
and concluded that it was the rate determining step proceeding via a two coordinate
[Pd(0)-NHC] complex and a dissociative mechanism.198
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Figure 15 – Homoleptic carbene palladium complex prepared by Glorius
The use of two or more N-heterocyclic carbene ligands (or pincer ligands) was favoured
at the advent of this research as this aided stability of the complexes. However, this
stability adversely aﬀected the reactivity of the catalyst, with high temperatures required
for activation.199
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Monocarbene palladium complexes were synthesised with labile, sacriﬁcial ligands
by several groups. Beller described the ﬁrst preparation of a monocarbene palladium-oleﬁn
complex (23). This ligand showed an increase in activity as a telomerisation catalyst in
comparison to Pd(OAc)2 at 90
◦C (down to 0.00033 mol% loading), showing activity at
50 ◦C not seen with Pd(OAc)2.
200 Xu also prepared cis and trans versions of catalyst
24 that were active in the coupling using aryl bromides, though aryl chlorides produced
lower yields and required 2 mol% catalyst loading (compared to 0.1 mol% loading for aryl
bromides).
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Figure 16 – Palladium complexes bearing one NHC ligand used in Suzuki-Miyaura reactions
Bidentate and tridentate pincer carbene ligands have been pioneered by Crabtree.201
Complexes of these ligands (for example 25) were shown to be eﬃcient in the Heck reaction,
down to 0.25 mol% [Pd] loading. They were shown to be thermally robust and, at 165 ◦C,
the turnover number increased to 900 h-1. The requirement of high temperatures for the
reaction to go to completion is a drawback, due to the possibility of undesired reactions
occurring to the substrate or products under these conditions.
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Figure 17 – Tridentate NHC ligand investigated by Crabtree
A series of palladacycles have shown activity in cross-coupling reactions including
Suzuki-Miyaura reactions. NHC palladacycles have shown activity coupling aryl bromides
and iodides at loadings reduced to 0.000001 mol%, forming the presumed palladacycle 26
50
in situ with Pd2(dba)3 and the addition of the ligand, though high temperatures were
required (160 ◦C) over long reaction times (48 h).202 Aryl chlorides have been coupled
with 2 mol% within an hour at room temperature, however, dehalogenation (10-50%) was
also detected. This was traced to the involvement of the iso-propanol solvent as a hydrogen
source and a shared oxidative addition step in the catalytic cycle.203
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Figure 18 – Palladacycles used in Suzuki-Miyaura catalyst, L = dba
Nolan has reported palladium NHC catalysts which have shown activity under ambient
conditions in Suzuki-Miyaura cross-coupling reactions.204,205 These precatalysts can be
activated at room temperature, leading to an increased concentration of catalytically active
Pd0 species.206 Also a [PdCl2(IPr)]2 complex has been synthesised, showing activity
207
at room temperature with 0.1 mol% catalyst loading in EtOH. Using this system, it
was possible to achieve high conversions with aryl chlorides in Suzuki-Miyaura reactions.208
A range of diﬀerent NHCs has been used to synthesise palladium allyl complexes, which
have been tested in cross-coupling reactions.204 In the development of palladium catalysts,
the most popular NHC ligand has been IPr (bis(2,6-diisopropylphenyl)imidazolylidene),
which showed consistent high activity in a range of reactions.192 NHC ligands are
commercially available, however, this is very much a developing ﬁeld with only ﬁve
NHCs available through the Sigma-Aldrich website (compared to >300 phosphine based
ligands). Palladium complexes are commercially available, using IPr and IMes, including
a dimer involving naphthoquinone (28 & 29), though no literature could be found
using these complexes as catalysts. The Pd–NHC pyridine enhanced precatalyst system
(PEPPSI) 30 has been used in Suzuki-Miyaura coupling reactions as well as C–C coupling
transformations. The pyridine ligand is lost in the activation step allowing the palladium
species to take part in the coupling. The [Pd(IPr)] derivative is found to be the most active
in the Suzuki-Miyaura reaction (13 examples, 60–99%). The ease of synthesis and handling
of these complexes led to a series of compounds being produced and investigated.209,210
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Figure 19 – Commercially available Pd(NHC) complexes
It is noteworthy that allyl palladium species are prominent amongst the designs described
here and have shown excellent activity in the Suzuki-Miyaura reaction. Using these
well-deﬁned allyl precursors, a greatly reduced induction time is observed in comparison
to the catalysts which are formed in situ. After optimisation of the reaction, excellent
conversions of activated aryl chlorides as well as unactivated chlorides were achieved in
3 h with a 2 mol% loading of [Pd(allyl)Cl(NHC)] and three equivalents of NaOt-Bu in
1,4-dioxane at 60 ◦C. This reaction led to only traces of homocoupling or dehalogenation.192
The nature of the allyl group also has an eﬀect on the activity of the catalyst.
This was investigated further and it was discovered that a substituted allyl was more
active, due to ease of activation, through faster loss of the allyl group. The reactions took
place using KOt-Bu in iso-propanol and could be performed at room temperature. The
cinnamyl analogue 33 gave a 90% yield, whereas the simple allyl analogue 31 gave only a
12% yield under identical conditions (Scheme 20).205
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Scheme 20 – Suzuki-Miyaura coupling
The activity of 33 was investigated in detail and it was possible to use 0.05 mol% catalyst
loading at room temperature. The diﬀerence in bond lengths between 31 and 33 was
measured, showing longer Pd–C bonds in 33. This bond length correlates well with the
more facile activation observed.
6.1.1 Supported Palladium NHC Catalysis
Some general issues are encountered when recycling palladium catalysts such as metal
leaching and catalyst separation. In the majority of cases, consistently high conversions
or yields in a few repeated runs are taken as evidence for the potential of a catalyst.
However, the evaluation of the recycling ability of a catalyst system requires analysis of
the performance and recovery over repeated runs.211
Several attempts have been made to immobilise Pd cross-coupling catalysts on a range
of supports.211,212 The most common heterogenised palladium system is palladium(0)
on carbon, which is often used for hydrogenations, and it has also been investigated in
cross-coupling reactions.213 It was ﬁrst used 20 years ago, when Marck et al. were able
to obtain reasonable conversions (40-100%, 18 examples) in the Suzuki coupling reaction,
though this did require long reactions times (19-24 h) and heating (80 ◦C). However, only
one example involved a chloride species with other substrates all being the more facile
bromide or triﬂate species.214
Further investigations led to improved conditions with shorter reaction times and
lower metal loadings.215 However all the examples required relatively high temperatures
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(>80 ◦C). Hirao used palladium(0) on carbon in the Suzuki-Miyaura reaction using
0.3 mol% Pd/C, with iodo or bromo-arenes and boronic acids as reaction partners. No
chloro-substrates were investigated, though high yields were seen with iodophenols. When
4-bromophenol was used, the yield dropped to 35%, but increased to 76% after heating at
50 ◦C for 12 h. It proved possible to recycle the catalyst ﬁve times at room temperature,
giving high yields albeit with decreasing activity (>99–89%).216 The desire for better
control, activity and longevity has led to further optimisation which has focused research
on better deﬁned supported systems.
In order to beneﬁt from the increased activity aﬀorded by the use of NHC ligands, attempts
have been made to use them within a heterogeneous system. The ﬁrst example to address
the problem of catalyst leaching in Pd–NHC catalysts involved supporting the active
complex on polymers based on theWang resin, (4-bromomethyl)phenoxymethylpolystyrene
(34, Figure 20).217 This immobilised bis(NHC) complex was used in the Heck reaction.
The homogenous, unsupported bis(NHC) complex was tested alongside, showing similar
activity (and reaction times and temperatures), with brominated and some chlorinated
substrates. The supported catalytic reactions used a low 0.15 mol% or 0.02 mol%
Pd loading, though long reaction times were required (12–60 h) and high reaction
temperatures (150–170 ◦C). Activity was seen with brominated substrates, however when
a chlorinated coupling substrate was used, no conversion was obtained. The catalyst was
able to be recycled ﬁfteen times, though some palladium reduction was detected after the
ﬁrst run (0.6 wt% palladium from 1.0 wt% after 1 run), though the authors were unable
to quantify the leaching accurately.
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O(H2C)n
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n = 3, X = Br
n = 2, X = I
34
Figure 20 – Pd–NHC complex immobilised on Wang resin
Kim and co-workers produced a palladium NHC catalyst bonded to polystyrene beads
(35) as shown in Figure 21. Excellent yields were obtained for several examples of Suzuki
couplings with 1 mol% catalyst with aryl iodides and bromides at 50 ◦C using Na2CO3
(5 equivalents) as base. No aryl chlorides were investigated, with aryl iodides needing a
reaction time of 1 h, aryl bromide substrates required 6 h to reach similar conversions.
This catalyst was recycled 10 times with retention of the activity throughout the cycles
(95–92%).218
B(OH)2
I  (1 mol%)
Na2CO3 (2 eq.)
DMF/H2O (1:1)
1 h, 50 °C
1.2 eq.
35
2 PF6
N N
N N
Pd
2
35
Figure 21 – Immobilised Pd–NHC complex on polystyrene beads
55
Inorganic supports, such as silica, have also been investigated for the heterogenisation of
palladium species. Using this approach, palladium nanoparticles (with no NHC present)
have been supported on silica,219 and have been employed in Suzuki couplings with
excellent conversions for iodoarenes at 80 ◦C. Bromoarenes were tested showing moderate
conversions (7 examples 33%–>99%). No homocoupling byproducts were observed during
the coupling reactions. The catalyst system could be recycled 6 times with no noted loss
of yield.220
Karimi and Enders reported a silica-supported NHC with a palladium centre (36)
which was applied to the Heck reaction (Figure 22).221 The catalyst showed high activity
(16 examples, at 100 ◦C, 81-98%) and could be recycled three times and recovered by
ﬁltration and rinsing with distilled water to remove the excess base used. The reaction
slowed slightly and conversions decreased from 95% after 24 h to 89% after 26 h on the
third reuse of the catalyst.
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Figure 22 – Immobilised complex prepared by Karimi and Enders
This strategy was updated and modiﬁed by Karimi to be tested in Suzuki-Miyaura
reactions.222 In this work, the NHC was attached on both sides with the tether and
support. This catalyst required a lower temperature than their previous work (60 ◦C).
This showed promise for coupling iodo- and bromo-compounds, though when tested with
chloro-substrates, the observed yields were lower. The catalyst could be reused ﬁve times
with only a slight decrease in activity.
Palladium catalysts bonded to magnetic supports 37 and 38 have been prepared
by Gao using iron oxide nanoparticles223 (though 38 is not an NHC) as well as silica
coated nanoparticles (Figure 23).224 A catalyst bearing two NHC units was used in
Suzuki, Sonogashira and Heck reactions. High yields were obtained in each case (84–93%),
and when recycled in the reactions it was able to retain the activity (with yields of 94%,
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95% and 92%).
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Figure 23 – Supported Pd–NHC complexes by Gao
Jin and Lee have also supported palladium on iron oxide nanoparticles coated in silica
and employed them in Suzuki coupling reactions.225 These supported precatalysts
demonstrated excellent activity and that it is possible to recycle these catalysts 10 times
due to the aid of the support.
Polymer supported palladium catalyst 39 is even available from Sigma-Aldrich,226
however this product has since been discontinued and no literature was found to document
the use of this catalyst. Borja et al. showed the use of the immobilised mono-Pd(NHC)
catalysts 40 and 41 in Heck, Sonogashira and Suzuki-Miyaura reactions.194 Both showed
similar activity, down to 0.2 mol% loading, though the use of 150 ◦C reaction temperatures
was required. Reaction times had to be extended in the following cycles, though minimal
leaching was detected (0.9% and 0.5% of the initial loadings were lost). Another
immobilised palladium mono(NHC) catalyst (42) was synthesised,227 though the polymer
was attached through the substituent groups. It was used in Buchwald-Hartwig and Heck
coupling reactions in a range of 1–5 mol% loadings. However, problems were detected in
the recycling of the catalyst. The reaction solution turned brown and diﬃculties were
encountered when separating the catalyst which contributed to longer reaction times (20
min to 8 h) even after 1 run.
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Figure 24 – Supported mono Pd–NHC complexes
7 Project Aims
As discussed earlier, Pd–NHC catalysts have shown activity in not just one reaction
but a range of C–C coupling reactions and it is an area of research that is still being
developed. In each case the NHC ligand has been immobilised through the nitrogen
atom. When the tether is secured through the nitrogen atom it prevents the exploration
of the steric and electronic properties conferred by various N-substituents on the
palladium metal centre. These examples display the popular three-carbon (propylene)
tether, which sacriﬁces the potential for control over activity and selectivity made
possible when variation of this substituent is an option. However, this is the nature of the
compromise made between the unbound homogenous catalyst and the supported examples.
Commonly, bis-NHC Pd structures have been supported, though this has often required
high temperatures for the activation of the catalyst. Mono-NHC Pd catalysts have been
found to display the highest activity and this has led to more supported mono-(NHC) Pd
complexes being explored as this ﬁeld has developed.
One of the key aims of this research project is to develop new ways of immobilising a
Pd–NHC complex. Homogeneous (mononuclear) palladium allyl complexes have shown
impressive catalytic activity, and for this reason the initial target molecule is based on
the homogeneous [Pd(allyl)Cl(NHC)] complexes. In contrast to earlier work the NHC
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backbone will be modiﬁed, leaving the nitrogen substituents and their eﬀect on the metal
unchanged. This should enable the attachment to a surface with minimal disruption to
the metal centre. By following this approach, similar activity to the free complex should
be possible. The literature has shown that the IPr ligand displays high activity in the
palladium-catalysed Suzuki-Miyaura cross-coupling reaction and so this ligand will be
prioritised.
NN
Pd
Cl
HO
Figure 25 – Target molecule with modified backbone for attachment
The palladium complex will be supported on iron oxide magnetic nanoparticles coated in
silica. In order to exploit the magnetic properties in the separation of the catalyst from
the products.
The immobilised and the unbound catalyst system will be compared in order to
assess the eﬀect that immobilisation has on activity. The studies will prioritise the
Suzuki-Miyaura reaction, which will act as a proof of concept process for other possible
transformations using the supported palladium catalysts. The possibility to harness the
potential of the dehalogenation side reaction will also investigated.
8 Preparation of Support
8.1 Preparation of Magnetic Nanoparticles
Following a literature procedure, magnetite particles (Fe3O4) were prepared by combining
iron(II) chloride and iron(III) chloride.33 The particles formed were coated in oleic acid
to prevent their agglomeration,228 and then coated in silica using a modiﬁed sol-gel
process.38 This involved hydrolysis of tetraethyl orthosilicate to produce a layer of silica
on the surface of these particles that were then washed with ethanol until the dry mass
remained constant (Scheme 21).
To conﬁrm the size and the dispersities of the particles formed, transmission electron
microscopy (TEM) images was completed. These showed that the Fe3O4 nanoparticles
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displayed an average size of 11.5 (± 2.0) nm and no agglomeration.
The silica coated magnetite particles displayed an average size of 38.5 (± 3.5) nm.
In these TEM images it is possible to diﬀerentiate the darker iron core of the nanoparticles
and the lighter silica coating and that the particles are monodisperse.
Scheme 21 – Preparation of iron-core magnetic nanoparticles
The characterisation was concluded with the energy dispersive X-ray (EDX) spectrum
which unambiguously showed that Fe and Si and O were all present in the particles.
Figure 26 – EDX Spectrum of the silica coated iron-core magnetic nanoparticles
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9 Preparation of Palladium Complexes
As mentioned previously, the IPr N-heterocyclic carbene ligand has proven to be the
most popular in homogeneous palladium-catalysed cross-coupling reactions, such as the
Suzuki-Miyaura reaction.192 Initially, the known [Pd(allyl)Cl(IPr)] complex was prepared,
followed by the synthesis of an analogous ligand with a hydroxy group on the backbone.
This would allow the activity to be compared in the cross-coupling reactions.
9.1 Preparation of [Pd(allyl)Cl(IPr)] Complexes
The previously reported complex, [Pd(allyl)Cl(IPr)] was synthesised. The ligand, IPr·HCl
was prepared by the condensation of 2,6-diisopropylaniline with glyoxal using a
non-stoichiometric amount of formic acid at room temperature to form diazabutadiene
43. The imidazolium salt (44) was formed using paraformaldehyde and HCl in dioxane at
room temperature to achieve cyclisation (Scheme 22).68
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cat. HCOOH
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Scheme 22 – Synthesis of IPr·HCl 44
Complex 31 was then prepared in 30% yield after deprotonation of the azolium salt 44
by KOt-Bu, followed by addition of [Pd(allyl)Cl]2 (Scheme 23).204 This was isolated after
extraction as a yellow solid.
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Scheme 23 – Synthesis of [Pd(η3-C3H5)Cl(IPr)] 31
However, when the analogous synthesis was attempted using the HOIPr·HCl salt, 45, the
product formed was found to decompose rapidly. The characterisation of this complex
proved diﬃcult as the additional functional group on the backbone had clearly aﬀected
the stability of the complex. The cinnamyl analogue had been shown to possess a
greater activity previously, due to the lability of the cinnamyl group allowing the
formation of the active species at a lower temperature. The previously known complex
[Pd(cinnamyl)Cl(IPr)] 33 was synthesised to compare the activity (Scheme 23).205
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H 2) [PdCl(cinnamyl)]2
1) LiHMDS (2.2 equiv)
 0 °C, 30 min
THF, RT, 2 h
NN
Pd
Cl
Cl
Ph
, 37%44 33
Scheme 24 – Synthesis of [Pd(Cinnamyl)Cl(IPr)] 33
9.2 Preparation of the Immobilised Palladium Complex
The 4-hydroxyimidazolium salt 45 was prepared following the reported synthesis by
Lavigne and César (Scheme 25).60 The formation of formamidine 46 was completed by
heating in triethylorthoformate while distilling oﬀ the ethanol formed to give the desired
product 46 in high yield. Next, 46 was treated with triethylamine and chloroacetyl chloride.
The resulting mixture was ﬁltered then puriﬁed by column chromatography to give pure
amide 47 in excellent yield. The synthesis was completed by heating 47 in reﬂuxing
toluene,60 though the yield of this cyclisation was improved by the use of 1,4-dioxane. After
ﬁltering and washing, the precipitate formed, 45 was isolated with no further puriﬁcation
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required.
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Scheme 25 – Synthesis of 4-hydroxy-1,3-(2,6-diisopropylphenyl)imidazolium chloride
The 1H NMR spectrum conﬁrmed that 45 existed exclusively as the enol tautomer as
indicated by the imidazolium proton resonance at 5.88 ppm.60 No CH2 proton signals for
the keto-form were detected, in contrast to the adamantyl analogue (Chapter 3). This
might be due to the aromatic imidazolium structure being more favoured when aromatic
substituents are present.60
In the synthesis of the desired palladium complex, 45 was treated with an excess
of LiHMDS at 0 ◦C, followed by addition of [Pd(η3-C3H5)Cl]2. The reaction mixture
became dark green after 2 h and it was then ﬁltered through silica and triturated
with pentane to give the new compound [Pd(allyl)Cl(HOIPr)] 48 as a green solid in
moderate yield. This was found to be stable in air and could be stored for weeks at room
temperature. The notation HOIPr will be used throughout this thesis, though as the keto
tautomer the complex could be described as OSIPr. However, when immobilised, the
ligand will exist in the enol form.
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Scheme 26 – Synthesis of palladium complex 48
The synthesis of 48 was also attempted with bases other than LiHMDS, such as KOt-Bu
and NaOt-Bu. The imidazolium salt 45 was heated at 80 ◦C for 2 h with an excess of
KOt-Bu and [Pd(allyl)Cl]2 but no complexation occurred and only the zwitterion 49 was
formed (Figure 27). The 1H NMR spectrum displayed a signal at 5.88 ppm in CDCl3 which
was attributed to the proton on the backbone.60 No resonances for the allyl ligand were
observed in the 1H NMR spectrum.
NN
H
O
49
Figure 27 – The stable zwitterion product
In contrast to the case for 45, the 1H NMR of 48 displayed two distinctive roofed doublets
(c) at 4.52 and 4.42 ppm which were attributed to the CH2 protons on the backbone,
which conﬁrmed that 48 existed as the keto product (Figure 28). Full assignment of the
spectrum was made with the aid of 1H1H NMR spectroscopic correlation. The allyl signals
(a,b) were shown to appear between 4.90 ppm to 1.45 ppm, which was expected, as the same
distribution of resonances was seen in the known [Pd(allyl)Cl(IPr)] complex.229 Attempts
were made to grow crystals, however after several conditions were tested, this remained
unsuccessful.
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Figure 28 – 1H NMR analysis of 48 in CDCl3
9.3 Immobilisation of the Palladium Complex
The immobilisation of [Pd(η3-C3H5)Cl(
HOIPr)] 48 on the prepared magnetic nanoparticles
was carried out in the presence of 4 Å molecular sieves in reﬂuxing toluene. Using the
resident silanol groups on the silica coating of the magnetic particles, it was anticipated
that these would bind to the backbone of the newly formed NHC complex. The resulting
material was centrifuged and washed with dichloromethane to remove any remaining
unattached species, then dried overnight under vacuum to give Imm48.
NN
Pd
Cl
4Å MS,
Toluene, 110 °C
18 h
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Scheme 27 – Immobilisation of 48
The particles obtained (Imm48) were characterised by inductively coupled plasma analysis
(ICP), transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy
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(EDX) techniques. This allowed determination the palladium loading on the magnetic
nanoparticles as well as the particle size and composition. ICP measurements gave a metal
loading of 0.57 µmolPd/mg catalyst, lower than the calculated maximum loading using
the mass balances (0.85 µmolPd/mg). This result was supported by the retrieved mass
balance. The TEM images showed NPs of 45.5 (±2.2) nm in diameter with a magnetic
core (Figure 29). It was also observed that no palladium nanoparticles were present in the
TEM images, with Pd only detected on the surface of the nanoparticles.
Figure 29 – TEM image of Imm48
EDX analysis of Imm48 detected Pd and Cl as well as the Fe and Si of the nanoparticles
(Figure 30). The EDX spectrum also showed the presence of Cu due to the Cu grids used
for the TEM measurements.
Figure 30 – EDX Spectrum of Imm48
In order to improve the overall yield for the preparation of Imm48, it was attempted
to ﬁrst support the ligand on the magnetic nanoparticles followed by complexation of
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the palladium centre. However, ICP analysis showed very little palladium present on
the magnetic nanoparticles formed using this route with 5.30 x 10-6 mmolPd/mg being
detected (100 times less than obtained using the other method).
In order to create a control sample to assess the role of the HOIPr ligand, magnetic
nanoparticles were heated together with the [PdCl(η3-C3H5)]2 dimer to give a black
product. ICP analysis gave a very low value value of 1.84 x 10-6 mmolPd/mg of the
catalyst, conﬁrming the need for the HOIPr ligand to tether the Pd centres to the NP.
10 Catalytic Studies
10.1 Suzuki-Miyaura Cross-Coupling Reaction
The prepared complexes were then tested in the Suzuki-Miyaura cross-coupling reaction.
Using phenylboronic acid (1.05 equiv) and 4-bromotoluene as model substrates to give
50a, the coupling was ﬁrst carried out using conditions reported previously: 1.1 equiv
KOt-Bu in technical grade iso-propanol at room temperature.204 With 1 mol% of Imm48
at room temperature, a conversion of 22% was observed after 18 h (Table 5, entry 1).
Raising the reaction temperature to 40 ◦C, the same palladium loading gave a similar
conversion of 27%, which was further improved to 76% at 60 ◦C (Table 5, entries 2 and 3).
Alternative reported conditions were also tested (3 equivalents of NaOt-Bu in 1,4-dioxane
at 60 ◦C),192 which led to a further increase in conversion by 8% (Table 5, entry 8). When
1 equivalent of NaOt-Bu was used instead, the conversion decreased to 60% (Table 5, entry
6). Surprisingly when using iso-propanol, only an 8% conversion was achieved. Overall, the
best result was obtained at 80 ◦C, achieving total conversion (Table 5, Entry 5).
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Table 5 – Optimisation studies with Imm48
Br
B(OH)2
Imm  (1 mol%)
Base (1.1 equiv.)
Solvent, T
18 h
a
48
50
Entry Base Solvent T (◦C) Conv (%)a
1 KOt-Bu i -PrOH RT 22
2 KOt-Bu i -PrOH 40 27
3 KOt-Bu i -PrOH 60 76
4 KOt-Bu i -PrOH 60 70b
5 KOt-Bu i -PrOH 80 >95
6 NaOt-Bu 1,4-dioxane 60 60
7 NaOt-Bu i -PrOH 60 8
8 NaOt-Bu 1,4-dioxane 60 84c
aConversions determined by 1H NMR spectroscopy are an average of
two independent experiments
b2 mol% [Pd] was used
c3 equiv of NaOt-Bu were used
The comparison between the homogeneous 31, 48 and heterogeneous catalyst Imm48
was conducted at 60 ◦C. Imm48 did not achieve a full conversion at 60 ◦C. as it was
anticipated that the homogeneous catalysts (31 and 48) would give a higher conversion
this temperature was used to get an accurate comparison between the catalyst systems.
Both homogeneous complexes accomplished a conversion of over 90% at 60 ◦C with KOt-Bu
(Scheme 28), a higher conversion than that of the supported catalyst as anticipated.
Br
B(OH)2
[Pd] (1 mol%)
KOt-Bu (1.1 equiv.)
i-PrOH, 60 °C
18 h
a
[Pd] = 76
91
93
Imm
Conversion (%)
50
48
48
31
Scheme 28 – Homogeneous catalysis activity study. Conversions determined by 1H NMR
spectroscopy are an average of two independent experiments.
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Further reaction conditions were tested during the optimisation of the coupling reaction
with Imm48 as depicted in Table 6. The use of 1,4-dioxane led to a similar conversion
to that with iso-propanol, while DME led to a fall in conversion to 10% (Table 6, Entry
4). Isopropylalcohol is cheaper and more environmentally benign than the other solvents
tested and so this was chosen as the solvent system. The eﬀect of changing the base was
then investigated. With KOH or NaOH the conversion increased to almost total conversion.
Hence, the optimal solvent and base for the coupling reaction were found to be i -PrOH
and NaOH.
Table 6 – Base and Solvent optimisation studies
Br
B(OH)2
Imm (1 mol%)
Base (1.1 equiv.)
Solvent, 60 °C
18 h
a
48
50
Entry Base Solvent Conv (%)a
1 KOt-Bu i -PrOH 76
2 KOt-Bu 1,4-dioxane 78
3 KOt-Bu DME 10
4 KOH i -PrOH 87
5 NaOH i -PrOH 90
aConversions determined by 1H NMR spectroscopy are an
average of two independent experiments
The benchmark model reaction was also repeated using the cinnamyl analogue (33) as
catalyst. This was performed both at 40 and 60 ◦C, resulting in similar conversions of 75%
and 78% respectively. These results were lower than expected, as it was anticipated that
a greater activity would be observed for 33 than for 48, based on previous reports in the
literature.205
10.2 Recycling Experiments
Using nanoparticles with an iron oxide core as a support enabled the recovery of the
catalyst with an external magnet. The recovered catalyst was dried and then analysed.
ICP measurements were recorded for this system in order to determine a metal loading
for the recycled material. Using this information, 1 mol% loading was used to repeat the
cross-coupling reaction with the conditions optimised as above (Scheme 29).
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Imm
90%
25%
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248
48
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Scheme 29 – Recycling with Imm48. Conversions determined by 1H NMR spectroscopy are an
average of two independent experiments.
Unfortunately, TEM analysis after the ﬁrst run showed that palladium nanoparticles (≈10
nm in diameter) had formed during the reaction (Figure 31), with no iron oxide/silica
core shell nanoparticles observed by TEM. This analysis indicates that the combined
catalyst and support were not stable under these reaction conditions, with the M–NHC
bond breaking to form the nanoparticles.
Figure 31 – TEM image of the material recovered after initial use of Imm48
Low activity was observed for the recycled catalyst at 1 mol% loading since the material
had lost its structural integrity after the formation of the Pd nanoparticles. The formation
of palladium nanoparticles has been noted before in the conjugate addition of arylboronic
acids to α,β-unsaturated carbonyl compounds.230 The PdII–NHC precatalyst was
originally believed to be reduced to Pd0 while retaining the backbone. However, during
the reaction a black suspension was observed. After analysis it was determined by the
authors that the material had decomposed into nanoparticles, which nonetheless retained
activity for ﬁve runs with a surfactant to prevent agglomeration (and therefore loss of
activity). Palladium nanoparticles themselves have been investigated in cross-coupling
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reactions previously.231
No beneﬁt was thus gained by the use of the Pd–NHC functionalised magnetic
nanoparticles and so this was not investigated further. The focus of this study turned to
the unsupported catalyst [Pd(η3-C3H5)Cl(
HOIPr)] (48).
10.3 Suzuki-Miyaura Reaction Scope with Catalyst 48
The coupling was also performed with diﬀerent boronic acids using the optimised
conditions of NaOH in iso-propanol at 60 ◦C. Conversions of 79% and 82% respectively
were achieved using unsupported 48, similar to that of the model reaction.
Using the optimised conditions and a 1 mol% loading of [Pd(η3-C3H5)Cl(
HOIPr)]
(48), the reaction was stirred overnight at 60 ◦C with NaOH base and the coupling
partners to produce the desired products (50). A range of halides and boronic acids were
tested leading to good to high conversions and products which were puriﬁed by column
chromatography (Scheme 30). Substrates with electron-donating substituents such as
p-methoxyphenylboronic acid and o-tolylboronic acids gave high conversions. The lowest
conversion observed was that for a meta substituted pyridine, which was not puriﬁed
given the low conversion observed by 1H NMR spectroscopy.
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66% (79%)
63% (75%)
MeO
67% (89%)
OMe
MeO
77%92%
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Scheme 30 – Isolated yields (conversions) of biaryl compounds catalysed by 48
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The coupled product 50b was analysed by ICP to assess its metal content due to the
homogeneous catalyst before and after column chromatography. The crude coupled
product prepared with the unsupported complex 48 was found to retain 87.6% of
the palladium present in the reaction (1 mol%), though after puriﬁcation by column
chromatography the palladium was totally removed. As a comparison, the same crude
coupled product obtained using Imm48 was found to contain only 8.9% of the palladium.
After column chromatography the palladium was removed in its entirety.
While the yields were good, they were lower than is normally found for such coupling
reactions, suggesting that another reaction could be taking place, preventing optimum
conversions and yields from being obtained. It was observed that there were some
additional aromatic protons in the 1H NMR spectrum of the crude product. Based on
the literature, this side product was considered likely to be either homocoupled starting
materials or dehalogenated starting material. Further analysis of the spectra ruled out
the homocoupled product and conﬁrmed the literature precedent for dehalogenation.192
It seems that the presence of an alcohol group on the backbone of the NHC leads to no
particular enhancement on the cross-coupling activity.
10.4 Dehalogenation Reactions with [Pd(allyl)Cl(HOIPr)] (48)
The known complexes [Pd(allyl)Cl(NHC)] (31) have been shown to exhibit activity in the
dehalogenation of aryl halides. The eﬃciency of catalyst 48 in dehalogenation reactions
was thus investigated with a range of aryl halides under the same reaction conditions
optimised for the Suzuki-Miyaura cross-coupling: 1 mol% catalyst 48 loading, with NaOH
in i -PrOH for 18 h at 60 ◦C. The reactions were analysed by 1H NMR spectroscopy and
GC-MS. The unsupported catalyst 48 is observed in the ketone form, with saturated
backbone, and so may be considered comparable to the SIPr NHC analogue. The catalyst
was mainly tested on aryl chlorides (51) as the reactivity of aryl chlorides is known to be
lower than that of aryl bromides and iodides, due to the dissociation energies of C-X bonds.
Initially, investigations started with mono-chlorinated species like 4-chloroacetophenone.
More challenging mono-ortho-substituted substrates such as 1-chloronaphthalene were
also investigated as well as haloheteroaromatic species including chlorothiophene. Catalyst
48 demonstrated excellent performance in these dehalogation reactions (Scheme 31).
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Scheme 31 – Dehalogenation reactions of chloroarenes
Unfortunately, a low conversion was observed in the reduction of the methoxy
substituted chloroarene (19%) in which the steric and electronic eﬀects of the
electron-donating ortho-substitution may have hindered the reaction. The dehalogenation
of para-chlorobenzonitrile with 48 only gave low conversions (16% at 60 ◦C or 35% at
80 ◦C). This was unexpected, as electron withdrawing groups should promote a high
conversion, though by increasing the temperature by 20 ◦C the conversion more than
doubled, suggesting that higher of temperatures are required for this reaction. The
dehalogenation of 2-chloropyridine only gave a minimal conversion (<5%), alongside
recovery of the starting material. This failure could be due to the Lewis base nature of the
pyridine preventing the dehalogenation, with the nitrogen of the pyridine coordinating to
the active metal species.
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Scheme 32 – Unsuccessful dehalogenation reactions
The activity of catalyst 48 was then assessed in the dehalogenation of a dihalogenated
species. This was ﬁrst investigated with 3-chlorobenzylbromide, with an alkyl bromide and
an aryl chloride present in the molecule. Unfortunately, no fully dehalogenated material
was observed by 1H NMR spectroscopy or GC-MS. The GC-MS data displayed two peaks
representing the starting material and a new product. The spectrum of the new product
showed the distinctive isotopic pattern associated with the presence of a chlorine atom
and the mass conﬁrmed the substitution of the bromine atom by an hydroxy group. This
substitution could have taken place due to the presence of NaOH in the reaction mixture.
Br
Cl
NaOH, i-PrOH, 60 °C
 (1 mol%)
Cl
0% 0% 0% 21%
Br
OH
Cl
48
Scheme 33 – Dehalogenation of 3-chlorobenzylbromide
Finally, dichlorinated molecules were investigated, even though the catalyst only
demonstrated poor activity on the meta-chlorinated species tested earlier. Mainly starting
material was recovered with 16% mono-dehalogenated product and 12% di-dehalogenated
product. This is a slight increase in comparison to the mono-ortho-chlorinated analogue,
which is probably due to the reduced steric congestion of the compound. The GC-MS
data also revealed trace amounts of the various possible homocoupled species, though the
amount was small and could not be quantiﬁed. The dehalogenation of a di-chlorinated
benzaldehyde was also studied, which led to a mono-dehalogenated product, however, the
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di-dehalogenated starting material was not observed. Unexpectedly, the reduction of the
ketone was observed, based on GC-MS evidence (Scheme 34).
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Scheme 34 – Dehalogenation of dichlorinated compounds
Overall, the results obtained showed that the Pd–NHC catalyst 48 displayed good activity
in the dehalogenation of aromatic halides. The reaction conditions were not optimised,
but it was clear throughout that variations in temperature, the ligand, base and solvent
all aﬀect the reaction results. The ligand is also known to play a role, as the unsupported
complex used in these investigations showed diﬀerent reactivity to the immobilised species.
However, it was lower in activity compared to the [Pd(allyl)Cl(IPr)] (31), which was
demonstrated previously.192
11 Conclusion
In this chapter, a new Pd–NHC complex 48 was synthesised and characterised by NMR
spectroscopy and mass spectroscopy. Compound 48 was prepared in four steps from the
starting aniline in a 45% overall yield. This complex was then supported on iron-core
silica coated nanoparticles to provide Imm48 with a mass balance of 69%. The complex
48 and supported catalyst Imm48 were tested in Suzuki-Miyaura cross-coupling reactions
between aryl bromides and boronic acids. After optimisation of the reaction conditions,
the supported catalyst produced identical conversions to the unsupported homogeneous
catalyst at 1 mol%.
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Br
B(OH)2
Pd (1 mol%)
NaOH (1.1 equiv.)
i-PrOH, 60 °C, 18 h
>95%
Scheme 35 – Optimised conditions for Imm48 in Suzuki-Miyaura cross-coupling
The potential for recycling the supported catalyst was investigated using the magnetic
properties of the support to recover the catalyst. Unfortunately, poor activity was
observed in a second run and analysis of the recovered materials revealed a loss of
structural integrity with palladium nanoparticles present in the mixture. This system was
not tested further due to this loss in activity after the ﬁrst run. This was ascribed to
instability of the Pd0–NHC bond after activation. However, since the support material
was not detected in the TEM images, the fate of the support and the nature of the
degradation cannot be deduced unambiguously. .
As a consequence of the instability of the supported catalyst with respect to the
formation of palladium nanoparticles, the advantages aﬀorded by the magnetic support
were undermined. Investigations were able to continue with the unsupported catalyst
48, which had shown activity equal to the leading catalyst 31. The scope of 48 was
explored, displaying excellent activity in Suzuki-Miyaura cross-coupling with a range of
arylbromides and boronic acids.
Br
B(OH)2 Pd (1 mol%)
NaOH, i-PrOH, 60-80 °C, 18 h
R
R
R
R
7 examples
42−92%
Scheme 36 – Summary of the scope of 48 in the Suzuki-Miyaura reaction
Further studies would investigate the kinetics of the reaction and the nanoparticle
formation measuring conversions. This would be able to determine if there was an
activation period for the catalyst and whether this was related to the nanoparticle
formation. NHC salts have been used successfully for the immobilisation of transition
metal units while oﬀering stabilisation towards nanoparticle formation. However, this
approach was unable to prevent the formation of palladium nanoparticles after the ﬁrst
use, which limits the recyclability of these catalysts.232
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This catalyst was also tested in dehalogenation reactions in which a series of aryl
chlorides including heteroaromatics and disubstituted compounds was explored.
Compound 48 displayed excellent activity, though deactivated substrates proved a
challenge. Unfortunately, due to time constraints and the emphasis of the project lying
elsewhere, the conditions were not optimised for this reaction, investigating the base and
solvent employed, and this limited exploration of the conversions and scope. This leads to
the possibility that, in the future, the dehalogenation of aryl chlorides could be improved
using this system.
Future studies could focus on the development of other supported transition metal
catalysts. These would need to be more robust under catalytic conditions in order to allow
multiple (re)use.
In summary of this chapter:-
• A novel catalyst [Pd(allyl)Cl(HOIPr)] 48 was synthesised and immobilised on
iron-oxide/silica core-shell nanoparticles.
• Imm48 showed excellent activity in the Suzuki-Miyaura reaction.
• TEM analysis of recovered material showed production of Pd nanoparticles.
• Recycling was not possible.
• Free complex 48 was assessed in the dehalogenation of aryl chlorides showing good
activity.
• Further studies could focus on the breakdown of the catalyst to nanoparticles.
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Part III
The Azide-Alkyne Cycloaddition
Reaction Using Supported
Copper(I)–NHC Catalysts
12 Copper
Copper is in group 11 of the periodic table and displays four oxidation states with the most
common in solution being CuI and CuII. These two oxidation states lead to substantially
diﬀerent chemical and physical properties. Under many conditions, copper(I) is not stable
and it often forms copper(II) through spontaneous disproportionation to give copper(II)
and copper(0) (Equation 2).
2Cu
+ −→ Cu2+ + Cu (2)
However, copper(I) compounds can be stabilised in aqueous solution by addition of
acetonitrile to form the well-known [Cu(NCMe)4]
+ cation.233
According to HSAB theory, copper(I) is a soft metal preferring to bond with soft
ligands, whereas copper(II) has borderline character.234 Also, copper(I) tends to form
linear, tetrahedral and trigonal complexes. Copper(I) has a full 3d-orbital, preventing
electronic transitions in the visible region, resulting in compounds that are generally
colourless. In contrast, copper(II) can adopt a square planar, trigonal bipyrimidal, square
pyramidal and octahedral geometries. It has an electron conﬁguration of [Ar]3d9, which
leads to the t2g6 eg3 arrangement in the octahedral crystal ﬁeld. Due to the unpaired
electron in the eg orbital, a doubly degenerate electronic ground state exists and leads
to Jahn-Teller distortion in its complexes, elongating the bonds to reduce the repulsion.
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The partially ﬁlled d-orbital in various electronic conﬁgurations (e.g. Oh, Td) leads to the
possibility of transitions between orbitals and many colourful compounds.
12.1 Copper Catalysis
Copper has been used in many catalytic transformations including cross-coupling reactions
(Ullman reaction),235 cycloaddition reactions, cycloisomerisations or C–H activation with
arene and heteroarene functionality.133,236 Cuprates have been used in substitution
reactions (using R2CuLi species)
237 and cross-coupling reactions as well as conjugate
addition reactions.238 Copper catalysts have the key beneﬁt of being less expensive than
those based on most other metals.
Copper halides of CuI or CuII are readily accessible and these can be used in catalysis
themselves.236 In order to improve the activity of copper salts various ligands have been
used, including nitrogen-based donors, such as amines, imines and pyridine, phosphorous
ligands such as phosphines, carbon-based ligands such as NHCs, as well as mixed donor
ligands (involving donation from a combination of N, O, S, P and C atoms).239
12.2 Click Chemistry
Inspired by Nature, Sharpless coined the term Click chemistry to describe a philosophy
for the rapid assembly of complex architectures through joining small simple molecules
together.240 Sharpless also set out a strict set of conditions to imitate nature. A Click
reaction is one that:
• is high yielding and stereospeciﬁc;
• is not sensitive to air and moisture;
• generates only inoﬀensive by-products that can be removed by non-chromatographic
methods (such as ﬁltration, recrystallisation or distillation);
• can be performed neat or in benign solvents.
Click reactions are most commonly used in carbon-heteroatom bond-forming reactions
including:
• Cycloadditions of unsaturated species, such as Diels-Alder reactions;
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• Nucleophilic substitution reactions, particularly ring opening reactions of strained
heterocycles;
• Addition to carbon-carbon multiple bonds, such as epoxidation, dihydroxylation and
aziridination chemistry;
• Conjugation reaction of isonitriles.241
The great speciﬁcity of Click reactions can be attributed to their high thermodynamic
driving force. Therefore, most of them are exothermic and performed either in water or a
water-polar organic solvent mix to dissipate the heat produced eﬃciently.
12.2.1 The copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction
1,3-Dipolar cycloadditions, also known as Huisgen cycloadditions, are a versatile approach
to the preparation of a range of ﬁve-membered heterocycles.242 Under thermal conditions,
the [3+2] cycloaddition of organic azides and alkynes normally produces a mixture of
the 1,4- and the 1,5-regioisomer of 1,2,3-triazoles.242 In 2002, Meldal243 and Sharpless244
independently showed that copper(I) species catalyse the regioselective formation of
1,4-disubstituted triazoles (Scheme 37). This high yielding and regioselective reaction has
become arguably the most popular Click reaction to date, and has found an abundance of
applications.245
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Thermal process                                              Mixture of isomers
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Scheme 37 – The Huisgen cycloaddition reaction
A number of diﬀerent systems have been used for the CuAAC reaction, including
copper(II) precursors with a reducing agent, copper(0)/copper(II) comproportionation
mixtures, copper(I) halides and preformed copper(I) complexes.245,246
The Sharpless group was the ﬁrst to use copper(II) sulfate in the presence of sodium
ascorbate in a 1:1 mixture of water/t-butanol.244 The low cost and low toxicity of the
starting materials and their stability towards air and moisture have led to this becoming
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probably the most commonly used catalyst system. Reactions using copper(I) halides (in
the absence of ligands) tend to be sluggish due to low solubility of the metal halide and
aggregation or oxidation of the catalyst in the reaction media.
Typically, the loading for the aforementioned reactions tends to be fairly high (up
to 100 mol%), with a large excess of the reducing agent (up to 10 equivalents with respect
to copper) which can aﬀect other functionalities within the starting materials and/or
product. In addition, using large excesses of additives increases the diﬃculty of isolating
clean products. This was ﬁrst shown by the Sharpless group when trace amounts of the
bis(triazole) were observed as a side product, attributed to the use of excess copper(I)
salts.244
Although these ligand-free systems are successful, they are limited to aqueous solutions
and water-tolerant substrates. In cases where the ligand-free systems are not eﬀective,
there is little room for improvement. In contrast, ligands can protect copper(I) centres
from degradation and have been shown to greatly enhance and modulate their activity.246
Various ligands have been used alongside copper in the CuAAC reaction, such as
imines and phosphine ligands. N-Heterocyclic carbenes form well-deﬁned complexes with
copper and these have since become commonly used due to their many advantages, most
notably the generation of cleaner triazole products at lower catalyst loadings without the
need for any reducing agents or excess ligand. Copper–NHC compounds have been known
for 20 years,247 but only since the advent of Cu–NHC species being employed in Click
chemistry have they become a highly active ﬁeld of research.
13 Copper–NHC Complexes in Catalysis
The ﬁrst application of Cu–NHCs in catalysis was the conjugate addition of ZnEt2 to
enones.114 Initially, the catalytic system was prepared in situ without isolation of the
catalyst.248 The Sadighi and Buchwald groups reported the preparation of 53 (Figure 32)
and its use in the conjugate reduction of α,β-unsaturated cyclic enones and esters.129
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Figure 32 – [CuCl(IPr)] complex
In the last decade, the advances in [Cu(NHC)] chemistry have led to their widespread
use as a catalyst in many reactions such as C−H bond activation,249 reduction and
hydrosilylation reactions and the azide-alkyne cycloaddition reaction.93,117,250,251 There
are numerous diﬀerent Cu–NHC complexes, such as [Cu(NHC)2]X [Cu(NHC)(Ligand)]X
or [Cu(NHC)(Halide)], which have been employed in these reactions.
One of the reasons for the popularity of copper catalysis is the role copper has to
play in Click chemistry, especially copper–NHC complexes.
13.1 [Cu(NHC)] Complexes in CuAAC
Neutral NHC–copper(I) complexes have been studied with commonly
used carbenes such as IAd (N,N ’-diadamantylimidazol-2-ylidene),
SIPr (N,N ’-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene), SIMes
(N,N ’-bis(2,4,6-trimethylphenyl)-4,5-imidazolin-2-ylidene) and ICy
(N,N ’-dicyclohexylimidazol-2-ylidene) (Figure 33).117,132,134
N N N N
N N N N
IAd SIPr
SIMes ICy
Figure 33 – NHC ligands and their acronyms
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[CuBr(SIMes)] gave excellent yields in the CuAAC reaction using neat reagents, at low
catalyst loadings of 0.8 mol% [Cu].132 The catalyst was also tested in the three-component
reaction of an organic halide, sodium azide and an alkyne to furnish 1,4-disubstituted
triazoles, showing it to be an eﬃcient system without evidence of byproducts or catalyst
decomposition. However, when preparing low melting point triazoles, higher reaction
temperatures (40 ◦C instead of RT) were required. In comparison with [CuBr(SIMes)], the
complex [CuI(IAd)] 54 overcame these issues and also allowed the preparation of a range
of triazoles, including more hindered ones, as well as demonstrating a higher functional
group tolerance.134
N N
CuI
54
Figure 34 – [CuI(IAd)]
The concept of latent catalysis can be described as the potential to switch on a chemical
transformation through a change in conditions. [CuCl(SIPr)] displayed no reactivity in
DMSO under ambient conditions and light even after prolonged reaction times. However,
under gentle heating (60 ◦C) with the addition of water, the production of the desired
triazole was found to take place in high yields (Scheme 38).117 The knowledge that the
starting materials can be kept for long periods and then activated when required, opened
up a range of new applications such as in biological252 or polymer processes.253
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1) [CuCl(SIPr)] (2 mol%)
    DMSO, RT, 1 week
2) Water, 60 °C, 0.5-16 h
11 examples
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Scheme 38 – Click catalyst activated by addition of water when required
The use of nitrogen donors (Figure 35) with Cu–NHC complexes can further improve
their reactivity.250 Using 4-dimethylaminopyridine (DMAP) 55 with [CuCl(SIMes)] gave
good conversions after 18 h, but the high toxicity of DMAP makes it incompatible with
the philosophy of Click chemistry. Improved results have been seen with phenanthroline
(phen) 56, which was ascribed to the better binding oﬀered by the bidentate ligand.
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Figure 35 – Aromatic nitrogen donors
A dimeric copper(I)-NHC complex 57 (Figure 36) was eﬀective in catalysing the
azide-alkyne cycloaddition reaction at metal loadings as low as 0.05 mol% [Cu].254
Additionally, it could be recycled up to ﬁve times without a signiﬁcant loss in activity,
and was also able to catalyse the cycloaddition of sterically-hindered azides with alkynes.
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Figure 36 – Copper(I)–NHC complex dimer
Cationic NHC-containing complexes of the general formula [Cu(NHC)2]X, (X = PF6,
BF4), have also been shown to be eﬃcient in the CuAAC reaction. [Cu(ICy)2]PF6 showed
remarkable reactivity, catalysing the formation of a range of triazoles in excellent yields
(>90%) using reaction times between 5 min and 7 h with just 0.5 mol% [Cu] loading.251
Activity was observed even down to 40 ppm [Cu] in the reaction between benzyl azide
and phenylacetylene, which proceeded to 81% conversion in just 4 h at 50 ◦C.
Recently, the synthesis of a range of heteroleptic bis(NHC)copper(I) complexes was
reported and these compounds also displayed activity in the CuAAC reaction.255 Initial
studies showed that [Cu(IPr)(ItBu)]BF4 (ItBu = N,N ’-di-(tert-butyl)imidazol-2-ylidene)
was able to catalyse the reaction of heptyl azide with phenylacetylene to full conversion
at just 0.1 mol% in 2.5 h, but further optimisation showed that [Cu(IPr)(ICy)]BF4 58
was more active at low catalyst loadings, catalysing the same reaction to completion in 16
h at 0.02 mol% [Cu] loading (Scheme 39). This complex is more active than the related
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homoleptic complex [Cu(ICy)2]BF4, which only yielded 72% of the expected triazole after
20 h under the same reaction conditions.251
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+
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Scheme 39 – Heteroleptic (NHC)copper complex for the cycloaddition reactions
Straub reported that the bis-triazolylidene dicopper(I) complex 59 was active in
the azide-alkyne cycloaddition reaction at metal loadings as low as 0.12 mol% in
dichloromethane at room temperature (Figure 37).256 Triazoles were isolated in excellent
yield after puriﬁcation by column chromatography (undermining the Click ethos).
Additionally, further catalytic studies showed that this dinuclear complex was more active
than mononuclear [Cu(ICy)2]PF6 under the reported reaction conditions. However, it was
noted that the use of chlorinated solvents was not recommended since explosive mixtures
can be formed.
O O
Cu Cu
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N
N
N
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Figure 37 – Bis-triazolylidene dinuclear copper(I) complex
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13.1.1 Supported Copper Catalysts
The contamination of products with toxic metal residues becomes a critical issue
when applied to biomedical and pharmaceutical applications.257 Apart from removing
copper from the product, it is also important to be able to recover the copper from
the reaction so as to avoid waste. There have been several attempts to achieve Click
chemistry using supported catalysts. Though heterogeneous copper catalysts have
proved to be highly eﬃcient, copper leaching is still an issue.258 Of course, the resultant
catalyst system still has to adhere to the philosophy of Click chemistry, as described earlier.
Several heterogeneous copper(0) metal systems have been used, but cycloaddition
reactions were slow, unless performed with copper nanoparticles.259 These nanoparticles
require the use of stabilising agents to prevent agglomeration. Copper nanoparticles
stabilised through polyvinyl pyrrolidone (PVP) have been shown to be recyclable,
achieving 92% conversion within 30 min for ﬁve consecutive runs with no catalyst
isolation between runs, using an ionic liquid/water mix.260 Copper nanoparticles have
also been supported on alumina (Al2O3), which also stabilised them. On water they
showed activity in a three component (NaN3, organic halide and an alkyne) cycloaddition
reaction, and could be recycled three times without loss of activity. Analysis of the
catalyst after four runs showed it to be almost the same as the fresh catalyst, though
the quantity recovered was not stated.261 Recently, there have been a few attempts
to anchor the chosen copper catalyst using magnetic nanoparticle supports. Hur et al.
immobilised copper nitride (Cu3N) with Fe3N on silica nanoparticles, which were then
used in the azide-alkyne cycloaddition and, after long reaction times (ranging from 12 h
to 14 days), they provided yields ranging from 60–90%. However, anchoring the catalyst
on the magnetic nanoparticles did make recycling easier and allowed the reaction to be
performed up to ﬁve times. However, no conversion or metal leaching data were noted for
the recycled catalyst.262
Several methods of metal recovery have been demonstrated with chelators in order
to remove the copper species from the reaction products. Megia-Fernandez et al. prepared
a series of immobilised ligands with two bidentate ligands (60, 61) and two tridentate
ligands (62, 63).33 The chelating groups were anchored to the support through a carbon
chain to the amine group and the CuX species were then loaded on to the absorbents using
a copper halide deoxygenated water solution to give the metal complexes (Figure 38).
The silica supported 62·Cu was recycled four times with retention of activity. The copper
leaching was determined to be between 0.4% and 1.9% of the initial copper loading present
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in the catalyst employed. The ligands could also be used as scavengers for the copper by
mixing the crude reaction mixture with uncomplexed forms of the catalyst, after which
complete removal of all metal traces was found.
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Figure 38 – Copper chelating ligands
The ligand 63 was also anchored on magnetic nanoparticles, which were recycled
twice with retention of activity. However, the copper leaching from these reactions was
disappointing, with analysis showing 7.4% and 8.9% of the initial metal loading remained,
as measured by atomic absorption spectroscopy (AAS).
An early example of a supported CuI catalyst was reported by the Herscovici group. They
used a polymer, Amerlyst A-21, which contains a dimethylbenzylamine ligand to complex
copper(I) through the nitrogen atom (Scheme 40). The catalyst formed was tested on
several alkynes and azides. The recyclability was also investigated in the cyclisation of
propiolic acid methyl ester and ethyl azidoacetate, which gave quantitative yields for four
cycles. However, no information was provided on further cycles and metal leaching was
not investigated.263
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Scheme 40 – Copper immobilisation
13.1.2 Supported [CuX(NHC)] Catalysts
A series of well-deﬁned, silica-immobilised [CuI(NHC)] complexes 64 was reported by
Wang, representing the ﬁrst known NHC–CuI heterogeneous catalysts (Scheme 41).264
The supported catalyst was prepared using a benzyl chloride modiﬁed silica surface. The
functionalised surface was then treated with a substituted imidazole to generate the silica
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supported salt. This was then deprotonated with NaOt-Bu and CuI added to give the
desired compound 64. The catalyst 64a displayed good activity in [3+2] cycloaddition
reactions. However, further studies showed that the benzyl variant (64b) displayed the
greatest activity when neat (93% yield compared to 76% for 64a after 30 min).265
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Scheme 41 – Immobilised [CuI(NHC)] synthesis by Wang and co-workers
Catalyst 64b was used to produce 17 triazoles at room temperature at 1 mol% loading
in 3 h (98–82%) and could be recycled 10 times by ﬁltration, washing with acetone,
which resulted in the yield decreasing only slightly (93–87%) over time. The ﬁltrates were
tested to determine the copper leaching, giving a value of <0.1 ppm of Cu. However, it
should be noted that column chromatography was used to purify the products, which is
in contravention of the Click criteria.265
An amphiphilic, polymer-bound [CuCl(SIMes)] system 65 led to the formation of the
desired triazoles using only 0.2 mol% [Cu] loading in water/THF at room temperature.266
Afterwards, ﬁltration through silica followed by recrystallisation led to only moderate
yields (40–75%) of the expected triazoles.
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Figure 39 – Polymer (NHC)copper complexes bound to an amphiphilic polymer
In the last few years, a salt tagged Cu–NHC 66 has also been reported. This performed
well in the three component cycloaddition reaction of benzyl bromide, NaN3 and alkyne
using water as solvent at room temperature. The scope of the catalyst was investigated, to
give a range of 21 triazoles (82–98%) using 5 mol% of the catalyst, though this could be
lowered to 0.5 mol% [Cu] loading provided that longer reaction times were used (3 h to 48
h). After the reaction, the triazole product could be extracted from the reaction mixture,
leaving the salt tagged catalyst in the aqueous layer. Over the period of recycling, the
yields decreased from 95% to 84% after four runs using 2 mol% catalyst loading and 24 h
reaction times, showing a relatively rapid loss of activity, though the metal leaching was
not measured.267 In comparison, the related unmodiﬁed NHC complex [CuCl(SIPr)], was
only able to catalyse the reaction of benzyl azide with phenylacetylene to 26% conversion
after one week stirring on water (however, [CuCl(SIPr)] did show greater conversions
in other solvents). This suggests that increasing the solubility of the catalyst by adding
ammonium units enhanced the catalyst activity.
Gautier reported a similar complex 67 that was shown to catalyse the azide-alkyne
cycloaddition reaction of peptide substrates at low concentrations (2 mol%) in buﬀered
aqueous media. Again, as the catalyst salt was retained in the aqueous layer it could be
easily recycled, though the copper contamination of the products was not examined.268
Soon afterwards, the same group reported the synthesis of complex 68 that was able to
act as both a catalyst and substrate in the CuAAC reaction with propargyl alcohol in
water/DMSO at 50 ◦C without any additional copper source.269
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Figure 40 – (NHC)copper complexes with substituents to aid recycling
13.2 Project Aims
Previous attempts to exploit the beneﬁts of immobilisation of well-deﬁned catalysts have
been limited due to the anchoring method aﬀecting the reactivity of the metal centre by
restricting the potential for altering the nitrogen atom substituents.
Our aim was to develop a heterogenised, well-deﬁned Cu–NHC complex for use in
the cycloaddition reaction, adhering to the strict Click requirements as set out by
Sharpless. The excellent activity already observed for [CuI(IAd)]134 in the CuAAC
reaction made this complex the initial focus. An additional functional group will be
then be added to the backbone of the imidazolylidene (or imidazolinylidene) structure.
This allows retention of the inherent steric properties of the nitrogen substituents while
providing a tethering point for the molecule. This approach permits modiﬁcations of
these groups in order to tune the activity, an aspect which was not optimised in previous
studies. The new backbone enables the possibility to lengthen the carbon chain, which
will also be explored in parallel.
N N
CuI
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N N RR
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R = 2,6-diisopropylphenyl
R = 2,4,6-trimethylphenyl
R = adamantyl
69 70
Figure 41 – Target molecules
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The copper complexes will then be prepared through addition of CuI to the respective
free carbene after deprotonation. These complexes will be supported on various inorganic
supports, characterised and the activity of the immobilised catalysts will be investigated
in the cycloaddition reaction. The planned research will explore the eﬀect of the support
on the catalyst, the initial catalytic activity of the supported catalyst, as well as the
recyclability of the support and the activity of the catalyst system after recycling. The
anchored catalyst systems will then be optimised and, ﬁnally, any metal leaching will then
be determined using suitable analytical measurements.
The scope of the catalyst for the azide-alkyne cycloaddition reaction will also be
studied (Scheme 42), addressing compatibility with diﬀerent functional groups whilst
observing the strict criteria for Click reactions as set out by Sharpless.
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Scheme 42 – General scheme for the Azide-Alkyne Cycloaddition Reaction
14 Preparation of Supports
14.1 Silica Nanoparticles
In addition to the iron oxide/silica core-shell nanoparticles described earlier, other simpler
supports were also investigated. This enabled a comparison between diﬀerent supports of
varying degrees of synthetic accessibility. The iron oxide nanoparticles have the advantage
of being magnetic, allowing the separation using a magnet, however, they require multistep
synthesis. Silica nanoparticles were synthesised by hydrolysis of tetraethyl orthosilicate
using ammonium hydroxide in ethanol to give the nanoparticles as a precipitate, which was
then washed and dried.270 These silica nanoparticles were prepared with a [H2O]:[TEOS]
ratio of 50, using 0.8 M NH3 at room temperature. These ratios were chosen to give
monodisperse nanoparticles with a narrow variation in size with a particle diameter of less
than 200 nm.
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Scheme 43 – Synthesis of silica nanoparticles
Alongside silica nanoparticles (SiONP) and iron oxide/silica core-shell nanoparticles
(FeSiO), commercially sourced silica ﬂakes (SiOFl) were also investigated. Silica ﬂakes have
a diﬀerence in scale compared to the nanoparticles (>100 nm in size), and thus their greater
size should allow easier recovery. The silica ﬂakes were purchased from Sigma-Aldrich and
used directly for the immobilisation of the catalyst.
15 Synthesis of Copper Catalysts
[CuI(IAd)] 54 was chosen as a model catalyst as it has shown superior performance when
compared to other neutral [CuX(NHC)] complexes for the copper catalysed azide-alkyne
cycloaddition reaction.134 It is considered one of the leading catalysts for the CuAAC
reaction, requiring low loadings and showing good durability and functional group
tolerance.
A modiﬁcation to the ligand the addition of an alcohol group to the backbone of
the imidazolium ring (-OH) was required (as in Chapter 2) in order to enable tethering
to the support. The attempted synthesis of imidazolium salts by lengthening the carbon
chain with a terminal alcohol (-CH2OH) will also be described in this chapter.
15.1 Synthesis of 4-hydroxymethylimidazolinium Salts
In parallel to the synthesis of the 4-hydroxyimidazolium salts, a series of
4-hydroxymethylimidazolinium salts was designed.
The 1,3-bis(amine)-4-hydroxymethylimidazolinium salt 70 can be formed by cyclisation
of diamine 71 with triethylorthoformate, whereas 71 would be synthesised from the
corresponding amine and 2,3-bromopropan-1-ol (Scheme 44).
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Scheme 44 – Retrosynthesis of 70
Using a literature procedure reported by Buchmeiser,271 condensation of the chosen amine
with 2,3-dibromopropan-1-ol heated at 120 ◦C overnight was used to form the desired
compounds 71a-c (Scheme 45).
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HO
R NH2 NHHN
HO
RR
R = 2,6-diisopropylphenyl
R = 2,4,6-trimethylphenyl
R = adamantyl
120 oC
a, N/R
b, 67%
c, 41%71
71
71
Scheme 45 – Synthesis of 71
This was attempted with 2,6-diisopropylaniline, 2,4,6-trimethylaniline and
adamantylamine, but with 2,6-diisopropylaniline only the starting material was recovered.
However, a good conversion of 67% was seen for 71b and a reasonable isolated yield was
obtained (41%) for 71c after puriﬁcation using column chromatography. The 13C NMR
spectrum of compound 71c, exhibited only six signals, whereas it was expected that the
molecule should contain 11 diﬀerent carbon nuclei environments. A quantitative 13C NMR
conﬁrmed that the adamantyl carbon signals overlapped with each other (Figure 42).
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Figure 42 – Quantitative 13C NMR of 71c in CDCl3
Following the literature, the alcohol group in 71b was protected with a trimethylsilyl group
to provide 72b in excellent yield. This was then cyclised using triethylorthoformate and
ammonium tetraﬂuoroborate. The silyl group was removed by stirring with acetic acid in
dichloromethane to give the 4-hydroxymethylimidazolinium salt 70b as a white solid in
46% yield.
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Me3SiO
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SiMe3Cl
Et3N
 b, 67%  b, 98% b, 46%
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H
2) HOAc, DCM
R = 2,4,6-trimethylphenyl
71 72 70
Scheme 46 – Synthesis of 70b
Unfortunately, when the protection step was attempted with 71c the expected silyl signals
were not detected in the 1H NMR spectrum. Hence, the cyclisation to form 70c was not
attempted as, without the silyl protection group on the alcohol group, it was believed
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that a mixture of oxazolinium salt product and imidazolinium salt would form. No further
studies were performed as the progress on this route was surpassed by the synthesis of
the 4-hydroxyimidazolium salts, though possibilities remain for this to be investigated in
terms of the eﬀect of tether length on catalytic activity.
15.2 Synthesis of 4-hydroxyimidazolium Salts
In parallel, the synthesis of 4-hydroxyimidazolium salts was undertaken. The synthesis was
designed to take advantage of that reported previously by César and Lavigne, in which they
demonstrated the formation of the 4-hydroxyimidazolium salts with aromatic substituents
(2,6-diisopropylphenyl 45 and 2,4,6-trimethylphenyl 73) as discussed in Chapter 2.60
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Scheme 47 – The retrosynthetic route via the formamidine
The synthetic route to the 1,3-alkyl disubstituted imidazolium salt was attempted
starting with a literature procedure.60 1-Adamantylformamidine (75) was prepared from
1-adamantylamine using triethylorthoformate, with hydrochloric acid as catalyst, while the
removal of EtOH from the reaction mixture drove the reaction to completion to give the
desired product 75 cleanly. Chloroacetyl chloride was added to 75 after deprotonation by
triethylamine, however this did not lead to the isolation of the desired addition product
74. Instead, amide 76 was recovered in moderate yield with no indication in the 1H NMR
spectrum of the desired amide 74 (Scheme 48).
Ad NH2 Ad
H
N N
Ad Ad
N N
Ad
O
Cl
HC(OEt)3 Cl
Cl
O
HCl cat., 160 °C Et3N, EtOAc,
0 °C     RT
Ad NH
O
Cl
, 25%
, 47%
75 74
76
Scheme 48 – Synthesis of 75 and formation of amide byproduct 76
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An attempt was made with a stoichiometric amount of acid to stabilise the formamidine as
there is literature precedent for the fragility of alkyl formamidines in comparison to their
aryl counterparts. Acetic acid is thought to form a salt with the amidine and so remove
the product from the equilibrium to displace the reaction to the right.272 However, this
also proved unsuccessful as, after the addition of the acetyl chloride, the crude product
only displayed spectroscopic features for the amide 76.
An alternative retrosynthetic method was designed to exploit the formation of amide 76
from 1-adamantylamine. The 4-hydroxyimidazolium 78 would be formed from a diamine
N -adamantylacetyl-1-aminoadamantane 77 and cyclisation by addition of a C–H unit.
Compound 77 would then be formed by substitution of the halide 76 with another
equivalent of the starting amine (Scheme 49).
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Scheme 49 – Alternative retrosynthesis for 78
The formation of 76 was completed using chloroacetyl chloride and a base in MeCN. The
mixture was stirred overnight and then washed to give 76 in good yield and purity, hence
providing a superior route to that employed previously (Scheme 48).
Initially, the addition of the second amine group was attempted using DMAP (5
mol%) in MeCN heating at 80 ◦C,273 but this resulted in a complex mixture and the
expected product was only obtained in low yield (38%) after column chromatography
(Scheme 50, Conditions A). The addition of the second amine substituent was successfully
achieved when the base was changed to sodium bicarbonate, which led to 77 in excellent
yield. This transformation proceeded cleanly using the new method, without the need for
column chromatography (Scheme 50, Conditions B).
The synthesis of the salt was completed with a cyclisation in hot triethylorthoformate in
the presence of ammonium tetraﬂuoroborate. Azolium salt 78 was isolated as a white
solid in 95% yield. All three steps could be performed in air, and there was no need to
purify the products by column chromatography (Scheme 50).274
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Scheme 50 – New synthetic approach for HOIAd. Conditions: A AdNH2, DMAP (5 mol%), MeCN,
80 ◦C, 18 h, B AdNH2, NaHCO3, MeCN, 80
◦C, 18 h
After cyclisation, the 1H NMR spectrum of 78 showed that the product was a mixture
of tautomers, with singlets at 6.16 (HOC−CH) and 4.10 ppm (O−C−CH2), which were
attributed to the enol and keto tautomers, respectively. The integration of these signals
showed a 50:50 equilibrium between these two forms for HOIAd·HBF4.
274 This is in stark
contrast to the HOIPr·HCl salt, in which only the enol tautomer was present and no
4-oxo-1,3-diarylimidazolium derivatives were observed.275
Attempts were then made to attach a triethoxysilyl moiety to the alcohol group on
the backbone, which would enable the immobilisation of the ligand (or complex) to a silica
surface under mild conditions. However, when this approach was tested, no successful
addition was observed. Instead, the formation of the CuI complex 79 was attempted from
78. It was anticipated that reaction of imidazolium salt 78 with two equivalents of base
would generate the alkoxide free carbene and allow the addition of the copper iodide
unit. However, when this was attempted, no single product could be isolated and only
complicated, intractable mixtures were observed by 1H NMR spectroscopy.
N N
HO BF4
H
N N
O
CuI
LiHMDS, CuI
THF, 0 °C, 2 h
78 79
Scheme 51 – Failed synthesis of 79
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Hence, after repeated attempts, it was decided that the imidazolium salt would ﬁrst be
anchored directly onto the supports. This would then be followed by complexation to CuI
(Scheme 52).
15.3 Immobilisation of 4-Hydroxyimidazolium Salt
Attachment of the 4-hydroxyimidazolium salts to the materials was carried out across all
supports by stirring salt 78 and the support materials together with 4Å molecular sieves
at 150 ◦C in DMF. The mixtures were stirred with a magnetic stirrer, or for the magnetic
nanoparticles, with an orbital stirrer. The particles were then washed to remove any free
organic material, then dried under vacuum. The mass balance provided an estimation of
the amount of organic salt retained on the support.
The functionalised surfaces were then treated with NaOt-Bu and CuI. The mixture
was stirred overnight at room temperature to give the supported complex Support80. The
recovered particles were washed and dried under vacuum.274 The mass balance was taken,
and was subsequently used as an estimation of the metal loading.
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Scheme 52 – Synthesis of Support80
Infrared (IR) spectra of the particles were recorded. However, the absorptions due to the
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silica particles dominated the spectra and so limited information was observable for the
relatively small quantities of surface units present.
All the supported catalysts were analysed by transmission electron microscopy (TEM)
and energy dispersive X-ray spectroscopy (EDX). The silica nanoparticles SiONP80 were
imaged by TEM, showing a size and distribution of 150.4 (± 5.3) nm in diameter.
Importantly, no copper nanoparticles were observed in the TEM images.
Figure 43 – SiONP80 TEM image
EDX data for SiONP80 were also collected in order to obtain information on the elements
present, particularly on the surface. In these measurements, gold grids with a carbon ﬁlm
were used, which explains the presence of carbon and gold in the spectra.
EDX detected silicon and oxygen from the support as well as copper present on
the surface of the particles. However, iodine was not detected, which is likely to be due to
the low loading of this element on the surface and the fact that iodine has many disperse
signals in comparison to copper.
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Figure 44 – EDX spectrum of SiONP80
The silica ﬂake supported catalyst particles SiOFk80 were analysed using the same
techniques. Unsurprisingly the TEM images displayed a much larger particle size (40–63
µm) and uneven edges. The particle size and distribution were not determined due to
the size variation. As with the silica nanoparticles, no copper nanoparticles were observed
in the sample. The ICP measurements were taken for the Cu species to determine the
metal loading of the particles. The material SiONP80 was calculated to possess a loading
of 0.16 µmolCu/mg, substantially lower than the maximum calculated 0.34 µmolCu/mg
(calculated via mass balances). This low loading helps explain the EDX spectrum, as the
limit of detection may have been too high for the amount of iodine present.
Figure 45 – SiOFk80 TEM image
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As well as the TEM analysis, the SiOFk80 was characterised using EDX spectroscopy.
Alongside the signals for the support, copper and iodine atoms were detected on the surface
of the particles.
Figure 46 – EDX spectrum of SiOFk80
Finally, TEM analysis of the iron oxide/silica core-shell nanoparticles FeSiO80 resulted
in images of the particles with a size and distribution of 47.7 (± 3.8) nm in diameter
(Figure 47). The particles clearly showed the darker iron core and lighter silica shell, again
with no copper nanoparticles present in the sample.
Figure 47 – TEM image of FeSiO80
The EDX spectrum of FeSiO80 detected the Fe, O, Si from the support as well as the Cu
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and I for the surface units present on the particles (Figure 48).
Figure 48 – EDX spectrum of FeSiO80
FeSiO80 was found to possess a Cu loading of 0.32 µmolCu/mg supported catalyst, which is
very close to the maximum calculated value (based on mass balance) of 0.39 µmolCu/mg.
16 Catalytic Studies
All the materials prepared were then tested in the azide-alkyne cycloaddition (CuAAC)
reaction. The cycloaddition used the benchmark substrates of benzyl azide and
phenylacetylene. The reactions were performed on water as it has been shown to be
the best medium for the homogeneous system (after neat reagents). Water is a benign,
environmentally-friendly solvent and it also does not dissolve the starting materials or
product. The cycloaddition benchmark reaction was carried out at room temperature to
give the 1,4-regioisomer 81a (Scheme 53). The immobilised catalyst systems (Support80)
were compared with the homogeneous, unsupported [CuI(IAd)] (54) catalyst as well as
the CuI salt at 1 mol% [Cu] loading. Two independent runs were made for each reaction
and the mixture was then analysed by NMR spectroscopy after 18 h.
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Scheme 53 – Copper Azide Alkyne Cycloaddition benchmark reaction
All three heterogeneous catalysts generated 81a in conversions of >95%. These
performances were comparable to the homogeneous complex [CuI(IAd)] which also
displayed a conversion of >95%. However, when CuI was tested, a conversion of only 41%
was observed. The importance of the presence of the NHC was highlighted by a control
reaction. This involved the treatment of silica ﬂakes with only CuI in the absence of an
NHC ligand and this material was used in the model reaction, but only gave a conversion
of 56%. This result clearly illustrated that the activity can be attributed to supported
NHC-copper species.
As all supported catalysts gave high conversions, the next step was to test the
recycling of the heterogeneous catalysts, with the same conditions as stated previously
(Scheme 53). The magnetic nanoparticle system was tested with magnetic stirring as well
as orbital stirring, with which comparable conversions were achieved. After the reaction,
the triazoles formed were dissolved in ethyl acetate, the mixture was centrifuged and
the catalyst was collected by ﬁltration, or using a neodymium magnet (Figure 49). The
recovered catalyst was washed and dried brieﬂy under vacuum and then reused in a new
cycle.
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Figure 49 – a) Catalyst Support80 on water with azide and alkyne; b) reaction shaken overnight;
c) ethyl acetate added to dissolve triazole formed; d) vial shaken for a few minutes; e) organic layer
decanted using hand-held magnet; f) organic and aqueous components.
Figure 50 – Recyclability of Support80. Conversions are the average of at least two independent
experiments and were analysed by 1H NMR spectroscopy
The SiOFk80 catalyst remained active for four cycles, losing activity on the ﬁfth cycle. The
105
deterioration in activity was attributed partly to diﬃculties in ﬁltering oﬀ the catalyst,
causing mechanical loss of the catalyst over the cycles. The SiONP80 catalyst demonstrated
a more rapid decrease in reactivity, only lasting two cycles before yielding average
conversions on the third reuse. The ﬁltration in this case encountered diﬃculties due to
the size of the particles and this was evident in the recycling, causing rapid mechanical
loss, reducing the life of the catalyst system. Attempts were made to increase the life of
the catalyst by using techniques to recover the catalyst better, for example, by reducing
the number of washings, however these did not eﬀect the lifetime greatly.
However, FeSiO80 displayed excellent activity for nine cycles. High conversion was
also achieved on the tenth cycle, though the conversion did not return on the subsequent
run. Entries four and eight show a drop in activity, though on the following cycle the
conversion returned to the previous activity level. This was ascribed to the catalyst caking
in the reaction vessel, and not being distributed in the reaction.274 The loss of activity
of FeSiO80 after nine runs and the copper contamination of the products could be due to
damage and fragmentation of the silica shell (to which the copper is attached) during
stirring/shaking. Though this lifetime is comparable to the longest lasting catalysts seen
previously with [CuI(NHC)] complexes supported on nanoparticles (10 cycles).265 The
improved recyclability observed for FeSiO80 is attributed to its facile manipulation and
recovery by simple decantation in the presence of a handheld magnet. Importantly, after a
reaction the used catalysts were analysed again by TEM and this showed that no copper
nanoparticles had formed during the reaction (Figure 51).
Figure 51 – TEM image of recovered FeSiO80 catalyst
The reaction was optimised for FeSiO80 by reduction in the catalyst loading. It was found
that it was possible to reduce the loading to 0.25 mol% [Cu] and retain the same high
conversions (>95%) with no increase in temperature. This loading became the standard
used when the scope of the reaction was investigated further (Figure 52). When incomplete
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conversions were observed, either a higher copper loading (0.5 mol%), or a small increase
in the reaction temperature (to 40 ◦C) was used.
The triazoles were isolated in excellent yields and high purity after simple extraction and
decantation/ﬁltration, regardless of the substitution on either the starting azide or alkyne
(Figure 52). Several functional groups (e.g. alcohol, amine, halogen) were well tolerated
in reactions with benzylic, aromatic or aliphatic azides. Increasing the steric proﬁle of
either cycloaddition partner did not diminish the catalytic activity. The performance of
FeSiO80 was then compared to the parent [CuI(IAd)] 54. Both complexes led to complete
conversion in the benchmark reaction (Scheme 53) with only 0.25 mol% [Cu] loading
at room temperature. To achieve a better comparison of the catalyst with challenging
substrates, a triazole was chosen in which FeSiO80 did not generate complete conversion.
Product 81m was achieved in 74% conversion and so this reaction was explored with 54
under identical conditions (Scheme 54). Complex 54 produced 81m in 83% conversion.
This demonstrated that both supported and unsupported catalyst systems operate at a
comparable level, with FeSiO80 showing only slightly lower conversion, suggesting that the
catalytic activity is not aﬀected signiﬁcantly by its immobilised nature.
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Scheme 54 – Comparison in activity between 54 and FeSiO80
ICP analysis of triazole 81b (Scheme 55) formed using [CuI(IAd)] 54 showed that it still
contained almost the starting copper loading (98%), even after acid hydrolysis, which
shows the stability of the NHC–Cu species under acidic conditions. However, analysis of
81b produced using FeSiO80 showed extremely low copper contamination. ICP analysis of
the products synthesised using the immobilised catalyst gave an average residue of 6.7% of
the original Cu loading in the product. The lower metal contamination from FeSiO80 can
be associated to the support and it demonstrates the advantages of using the nanoparticle
supports.
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Figure 52 – Illustration of the scope for this catalyst system. Any divergence from the standard
conditions (RT, 0.25 mol% [Cu]) are indicated. Isolated yields shown are the average of at least
two independent experiments. a 1H NMR conversions are the average of at least two independent
experiments.
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Scheme 55 – Metal contamination from 54 and FeSiO80 determined by ICP
17 Conclusion & Future Work
In this chapter a series of supported Cu–NHC catalysts was prepared, characterised
and tested in a standard benchmark CuAAC catalytic reaction. The synthetic route
developed overcame the instability of the formamidine during the preparation of the new
imidazolium ligand, using a diﬀerent route which required no column chromatography.
Compound 78 was synthesised in 60% overall yield, and, unlike its aryl counterpart 45,
keto/enol tautomers were observed by 1H NMR spectroscopy in a 50:50 mixture. This
new ligand was subsequently immobilised onto a variety of supports (silica ﬂakes, silica
nanoparticles and iron oxide/silica nanoparticles) through the hydroxy functionality on
the imidazolium ring. The copper was then immobilised on the supports modiﬁed with
the imidazolium salt. The characterisation of the supported complexes was completed by
TEM, EDX spectroscopy and ICP analysis to determine the metal content.
Unfortunately, attempts to form the Cu–NHC complex 79 before immobilisation
were not successful, so no direct comparison to the unsupported complex was possible.
However, it was compared to the highly active [CuI(IAd)] (54) catalyst. When tested
in a benchmark cycloaddition reaction, with 1 mol% [Cu] loading, all three catalyst
systems (Support80, Support = silica ﬂakes, silica NPs and iron oxide/silica core-shell NPs)
displayed activity equal to the analogous homogeneous catalyst. One example in which
complete conversion was not observed, the free complex 54 showed only a slightly greater
conversion than FeSiO80 (83% compared to 74%) suggesting that the metal centre (and
hence catalytic activity) is not aﬀected signiﬁcantly when it is immobilised. Importantly,
this route also allows diﬀerent substituents tailored to other reactions to be used with the
same attachment protocol.
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The durability of the supported system was investigated by recovering and reusing
the catalyst until the activity decreased substantially. The silica nanoparticle supported
copper catalyst system (SiONP80) proved the least durable (Scheme 56), probably due to
the diﬃculties experienced in recovering the catalyst. The silica ﬂake supported materials
demonstrated an increased recyclability due to the easier recovery compared to the smaller
nanoparticles.
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Scheme 56 – Recycling summary of Support80
The magnetic silica coated nanoparticles FeSiO80 displayed the longest lifetime with the
activity being maintained for nine cycles before deteriorating. The magnetism of these
catalysts is shown to be a key factor in the recyclability of this catalyst system and
without it the catalyst lifetime decreases substantially. The recycling of this new catalyst
system renders the reaction much cheaper than existing catalyst systems. FeSiO80 proved
to be active down to a catalyst loading of 0.25 mol%. This novel supported catalyst
concept combined good functional group tolerance with low catalyst loadings to prepare 14
triazoles. If conversions were low, the copper loading or temperature was increased (to 0.5
mol% or 40 ◦C) (Scheme 57). The cycloaddition reactions adhered to the strict conditions
set for Click reactions and this approach can be considered a true Click process.
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Scheme 57 – CuAAC scope summary of FeSiO80
Importantly, the copper contamination in the crude cycloaddition products was
monitored. The triazoles produced using the magnetically supported catalyst (FeSiO80)
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showed minimal leaching with the metal content of the triazoles achieving a 91.3%
reduction in metal loss compared to the closest comparable homogeneous catalyst 54.
The reduction in metal leaching is an important advantage of these supported catalysts
as the ability to reuse the catalyst has both cost and environmental implications.
Further work in this area could focus on the kinetics of the reaction, by optimising
the reaction time, the catalyst system may have a longer lifetime, as this could
prevent possible destruction of the silica support. The catalyst leaching could also be
investigated by removing the catalyst system during the reaction and measuring any
further conversion. This could show if the catalyst is leaching into the reaction medium
and causing the reaction to occur. It was envisaged that the backbone modiﬁcation
could be used to lengthen the chain by addition of a further CH2 group. However,
when this was attempted, diﬃculties were encountered with the adamantyl substituent
variant. Although the 2,4,6-trimethylphenyl substituent 70b was formed, this was not
progressed further with the addition of the CuI unit as the synthesis was surpassed by the
4-hydroxyimidazolium salt preparation, which was the initial target molecule due to the
close structure relationship to the highly active [CuI(IAd)] (54). In the future, it should
be possible to extend the synthesis of the 4-hydroxymethylimidazolinium family in this way.
In summary of this chapter:-
• An immobilised catalyst system (Support80) was prepared on silica based supports.
• These showed excellent activity in the copper-catalysed azide-alkyne cycloaddition
(CuAAC).
• Comparable to the known highly active homogeneous catalysts.
• The systems were all shown to be recyclable, FeSiO80 had the longest lifetime of 10
cycles.
• Adheres to all the Click philosophy criteria.
• The reaction kinetics were not studied. This may lead to faster reactions and prolong
the lifetime of the system.
• Potential remains to lengthen the backbone chain.
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Part IV
Summary
This research describes the preparation of a novel palladium NHC catalyst 48,
which was then supported on iron oxide/silica core shell nanoparticles to give Imm48. This
catalyst was then applied to, and the conditions were optimised for, the Suzuki-Miyaura
cross-coupling reaction. Comparable activity to leading unsupported catalysts was
observed on the ﬁrst run using this magnetic catalyst system. Unfortunately the
supported catalyst lost activity on re-use, and analysis showed that there was a loss
of structure with no iron oxide/silica core-shell nanoparticles detected, only palladium
nanoparticles.
The same novel approach to immobilising NHC surface units on supports was also
applied to Cu-NHC complexes using various silica-based supports (silica NPs and silica
ﬂakes), however, though it was possible to recover and reuse these particles, the lifetimes
were short. The use of centrifuging or ﬁltration could not prevent the gradual loss of
catalytic material when separating the product from the reaction mixture. However, the
magnetic iron oxide/silica core-shell nanoparticles showed the greatest durability, due to
the easier separation and recovery of these particles, aided by the magnetic properties.
Importantly, using the FeSiO80 catalyst system caused over a 90% reduction of metal
contamination from the reaction when compared with the free complex 54.
This shows the potential of that this support methodology can be applied widely
to other metal NHC complexes. Unfortunately time constraints prevented further metal
NHC complexes being prepared and investigated in this research, but there is a wide
range of metal NHC complexes that the concept could be applied to. The use of
supported catalysts becomes of even greater interest and importance when the catalyst
or metal costs are signiﬁcant, as the recycling decreases the overall cost of their use. The
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preparation of palladium and copper [M(HONHC)] complexes has been reported in this
work, and been shown to exhibit activity as a catalyst comparable to the unsupported
analogues. Complexes containing IrI,59 RhI,60 AuI and PtII metal ions have been reported
(Figure 53)61 to show activity in hydrosilylation or isomerisation reactions.59,61 The
immobilisation approach developed in this study could thus be used on any of these metal
complexes. The unsupported [M(NHC)] complex synthesis is advantageous, the synthesis
of the unsupported complex provides a direct comparison to the immobilised system,
allowing the eﬀect of the support on catalyst activity to be ascertained..
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Figure 53 – Ir, Rh and Au NHC based complexes (top) and Pt NHC based complex with an
isonitrile ligand (bottom) that could be supported through the carbonyl group on the backbone.
There are several ways in which the system could be changed, such as the nature of
the tether. This research focused on the use of an alcohol group on the backbone and
the formation of a ether linkage as the linker group. Instead of modifying the NHC to
incorporate a diﬀerent backbone, requiring a diﬀerent synthetic route, the nanoparticle
surface could be activated by using a carbon chain with a terminal halide, which
would enable the immobilisation to take place under mild conditions. The activation
of the silica nanoparticles with a carbon chain also enables the inclusion of diﬀerent
chain lengths, without introducing any further diﬃculties in the synthesis of the [M(NHC)].
Future research could focus on the investigation of other supports that could be
used. It is important that the support costs do not signiﬁcantly outweigh those of the
active metal centre, as this adds extra expense and undermines some of the beneﬁts.
Silica nanoparticles or silica coated nanoparticles are eﬀective supports, however in
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certain conditions (e.g. stirring/shaking for extended periods) they appear to break down.
Currently the iron oxide/silica nanoparticles core-shell have a diameter under 50 nm and
provide an excellent starting point, as the magnetic properties greatly help the recovery
and recycling of the catalyst. The size could be reduced, which may increase activity and
lower the loadings required due to increased interactions by virtue of a greater surface area
and greater mixing. This alteration requires a change in preparation conditions, to reduce
the silica coating or iron oxide nanoparticle diameter. If diﬀerent supports/coatings (such
as core-shell iron oxide/gold nanoparticles) are investigated, the linker group would also
have to be modiﬁed to ensure secure attachment, for example using polydentate sulfur
species, such as dithiocarbamates.
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Part V
Experimental
18 General Considerations
All reagents were used as received. Unless otherwise stated, all reactions were carried out in
air and using technical solvents without any particular precautions to exclude moisture or
oxygen. Anhydrous solvents were dried passing them through columns of molecular sieves
in a solvent puriﬁcation system. 1H NMR and 13C NMR spectra were recorded on 400
MHz spectrometers at room temperature. Chemical shifts (δ) are reported in ppm with
respect to tetramethylsilane (1H NMR) or chloroform (13C NMR) as internal standards.
Attribution of some NMR signals have been made using quantitative NMR, HMBC and
HMQC experiments. Mass spectra (MS) were recorded on a Micromass Autospec Premier,
Micromass LCT Premier or a VG Platform II spectrometer using EI or ESI techniques
at the Mass Spectroscopy Service of Imperial College London. Elemental analyses were
performed at the London Metropolitan University (UK). TEM images and EDX data
were obtained using a JEOL 2010 high-resolution TEM (80-200 kV) equipped with an
Oxford Instruments INCA EDS 80 mm X-Max detector system. The grids used were 300
mesh gold with carbon ﬁlms. ICP analyses were performed using a Perkin-Elmer 2000 DV
ICP-OE spectrometer at the Analytical Services Laboratory of Imperial College London.
All reported yields are isolated yields and in the catalytic studies are the average of at
least two independent runs.
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19 Compounds from Chapter 2
19.1 Preparation of Magnetic Supports
Synthesis of Magnetic (Fe
3
O
4
) Nanoparticles
Synthesised by the procedure described by Rossi et al. 228
In freshly deoxygenated water, FeCl2 (0.63 g, 5 mmol) was dissolved in freshly prepared
HCl (2.5 mL, 5 mmol) to give a 2 M yellow solution. FeCl3 (1.62 g, 10 mmol) was dissolved
in H2O (10 mL) to give a 1 M orange solution. Both solutions were mixed together, added to
a 0.7 M ammonium hydroxide solution (125 mL, 87.5 mmol), the mixture was then stirred
vigorously for 30 min. The resulting black precipitate was then separated magnetically
(0.803 g, 70%).
Oleic acid (1.6 mL, 5 mmol) was dissolved in acetone (5 mL), and added dropwise. The
mixture was then heated at 80 ◦C for 30 min. The resulting precipitate was separated
magnetically, washed with acetone and redissolved in 50 mL of toluene. The resulting
solution was centrifuged at 2000 rpm for 1 h to separate any precipitates and the
supernatant liquid was collected, evaporated to dryness to give a brown solid (1.360 g).
Synthesis of Silica-Coated Magnetic Nanoparticles
Synthesised by the procedure described by Jacinto et al. 38
Polyoxyethylene (5) isooctylphenyl ether (44.6 g, 42.7 mL, 0.10 mol) was dispersed in
cyclohexane (700 mL). Fe3O4 (200 mg, 0.85 mmol) were dispersed in cyclohexane (10
mL) and stirred for 30 min, until transparent, then added to the mixture. Ammonia
solution (9.5 mL, 28%, 0.14 mol) was then added to form a reverse microemulsion.
Tetraethoxyorthosilicate (7.70 mL, 34.5 mmol) was introduced and the mixture was stirred
for 16 h at RT. MeOH (30 mL) was added to form a solid. The precipitate was retained with
a magnet while the liquid phase was decanted. More MeOH was added and the mixture
centrifuged (2800 rpm, 30 min). The precipitate was separated and washed with ethanol
(x5). The black powder was collected and dried under vacuum (2.23 g, mass balance 28%).
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19.2 Preparation of Palladium Complexes
N,N ’-Bis(2,6-diisopropylphenyl)diimine 43
N N
Synthesised by the procedure described by Bantreil and Nolan 68
A solution of 2,6-diisopropylaniline (5.3 mL, 28.2 mmol) in MeOH (14 mL) glyoxal (40%
in water, 2.1 mL, 14.1 mmol) was introduced. The reaction mixture was then stirred
overnight. The resulting precipitate was ﬁltered, washed with methanol and dried under
vacuum to give the title compound as a bright yellow solid. (4.7 g, 90%).
Spectroscopic data were consistent with previously reported data for this compound.68
1H NMR (400 MHz, CDCl3): δ 8.10 (s, 2H, CH=N), 7.20-7.17 (m, 6H, CH
Ar), 2.94
(septet, 4H, J = 7.0 Hz, CHi-Pr), 1.21 (d, 24H, J = 7.0 Hz, CH3
i-Pr).
N,N ’-Bis(2,6-diisopropylphenyl)imidazolium chloride 44
Cl
NN
H
Synthesised by the procedure described by Bantreil and Nolan 68
A solution of 43 (1.32 g, 3.5 mmol) in EtOAc (7 mL) was prepared. Paraformaldehyde
(0.115 g, 4.2 mmol) was dissolved in HCl (4 M in dioxane, 1.25 mL, 5.25 mmol) and
subsequently added dropwise to this solution, then stirred at room temperature for 20 h,
resulting in a precipitate. The mixture was ﬁltered, washed with EtOAc and dried under
vacuum to give the title compound as an oﬀ-white solid (1.17 g, 86%).
Spectroscopic data were consistent with previously reported data for this compound.68
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1H NMR (400 MHz, CDCl3): δ 10.1 (s, 1H, NCHN), 8.15 (s, 2H, CH
Ar), 7.49 (t,
2H, J = 7.8 Hz, CHAr), 7.36 (d, 4H, J = 8.4 Hz, CHAr), 7.13 (d, 2H, J = 7.8 Hz, CHIm),
2.56 (septet, J = 6.8 Hz, 4H, CHi-Pr), 1.30 (d, 12H, J = 6.8 Hz, CH3
i-Pr), 1.23 (d, 12H, J
= 6.8 Hz, CH3
i-Pr).
Chloro(η3-allyl)(1,3-(2,6-diisopropylphenyl)imidazolin-2-ylidene)palladium(II)
31
NN
Pd
Cl
Under a nitrogen atmosphere, 44 (100 mg, 0.23 mmol) and KOt-Bu (26 mg, 0.23 mmol)
were suspended in i -PrOH (2.5 mL), heated at 80 ◦C for 2 h then allowed to cool to RT.
[PdCl(η3-C3H5)]2 (44 mg, 0.12 mmol) was added and the reaction mixture was stirred at
RT for 2 h causing the mixture to become black. Water was added, followed by EtOAc.
The organic phase was separated and the aqueous phase was extracted with EtOAc (x2).
The organic layers were washed with brine, dried over MgSO4, ﬁltered and concentrated
to give the title compound as a yellow solid (78 mg, 59%).
Spectroscopic data were consistent with previously reported data for this compound.204
M.p: decomposes >170 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.43 (t, J = 8.0 Hz,
2H, CHAr), 7.28 (d, J = 3.6 Hz, 4H, CHAr), 7.16 (s, 2H, CHIm), 4.81 (septet, J = 6.4
Hz, 1H, CH2CHCH2), 3.90 (d, J = 7.2 Hz, 1H, CH 2CHCH2), 3.12 (septet, J = 6.8
Hz, 2H, CHi-Pr), 3.04 (d, J = 6.0 Hz, 1H, CH 2CHCH2), 2.86 (quintet, J = 6.8 Hz, 2H,
CHi-Pr), 2.78 (d, J = 3.6 Hz, 1H, CH2CHCH 2), 1.58 (d, J = 12.4 Hz, 1H, CH2CHCH 2),
1.39 (d, J = 7.2 Hz, 6H, CH3
i-Pr), 1.34 (d, J = 7.2 Hz, 6H, CH3
i-Pr), 1.18 (d, J = 7.2
Hz, 6H, CH3
i-Pr), 1.08 (d, J = 7.2 Hz, 6H, CH3
i-Pr); 13C NMR (100 MHz, CDCl3): δ
188.4 (NCHN), 147.0 (CHAr), 146.8 (CHAr), 136.8 (CAr), 130.5 (CAr), 124.5 (CHAr), 124.5
(CHAr), 124.4 (CHAr), 114.1 (CHAr), 72.0 (CHallyl), 49.6 (CHallyl), 29.1 (CHi-Pr), 29.0
(CHi-Pr), 26.8 (CH3
i-Pr), 26.2 (CH3
i-Pr), 23.5 (CH3
i-Pr), 23.4 (CH3
i-Pr).
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Chloro(η3-(3-phenyl-2-propenyl))(1,3-(2,6-diisopropylphenyl)imidazolin-2-
ylidene)palladium(II)33
NN
Pd
Cl
Ph
Adapted from the procedure described by Marion et al. 205
Under a nitrogen atmosphere, a suspension of N,N ’-bis(2,6-diisopropylphenyl)imidazolium
chloride (200 mg, 0.45 mmol) in dry THF (17 mL) was cooled to 0 ◦C. To this suspension,
LiHMDS (0.98 mL, 0.98 mmol, 1 M in THF) was added and the solution was stirred for
30 min. Then [PdCl(η3-(C3H5)]2 (82.3 mg, 0.225 mmol) was added then stirred for 2 h,
allowing the mixture to warm up to room temperature. The reaction mixture was opened
to air, ﬁltered and washed with THF. The solution was evaporated to give a residue,
which was dissolved in DCM and ﬁltered through pentane soaked silica and washed
through using DCM/MeOH (19:1). The solution was evaporated and then triturated with
pet. ether to give a yellow solid (114 mg, 37%).
Spectroscopic data were consistent with previously reported data for this compound.205
1H NMR (400 MHz, CDCl3): δ 7.38 (t, J = 7.8 Hz, 2H, p-CH
Ar), 7.25 (d, J = 7.6
Hz, 4H, m-CHAr), 7.15–7.11 (m, 7H, CHAr & CHIm), 5.06 (dt, J = 13.2; 9.2, 1H,
CHCHCH2), 4.34 (d, J = 13.2 Hz, 1H, CHCHCH2), 3.49-3.41 (m, 4H, CH
i-Pr), 2.91-2.87
(m, 1H, CHCHCH 2), 1.59-1.56 (m, 1H, CHCHCH 2), 1.47 (d, J = 6.3 Hz, 6H, CH3
i-Pr),
1.42 (d, J = 6.3 Hz, 6H, CH3
i-Pr), 1.28 (d, J = 6.3 Hz, 12H, CH3
i-Pr); 13C NMR (100
MHz, CDCl3): δ 212.0 (NCN), 147.1 (C
Ar), 137.6 (CAr), 136.3 (CAr), 129.0 (CHAr), 128.2
(CHAr), 127.2 (CHAr), 126.6 (CHAr), 124.1 (CHAr), 109.0 (CHCHCH2), 91.6 (CHCHCH2),
54.0 (CHN), 46.0 (CHCHCH2), 28.5 (CH
i-Pr), 26.6 (CHi-Pr), 23.7 (CH3
i-Pr).
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N,N’ -Bis(2,6-diisopropylphenyl)formamidine 46
H
N N
Synthesised by the procedure described by Krahulic et al. 58
A mixture of 2,6-diisopropylaniline (5.3 mL, 28.2 mmol), triethylorthoformate (2.3 mL,
14.1 mmol) and glacial acetic acid (0.16 mL, 2.8 mmol) was heated at 160 ◦C for 18 h
while the ethanol produced was distilled oﬀ. The resulting oﬀ-white crystalline solid was
washed with cold n-pentane and dried in vacuo to give the title compound as a white
solid (4.38 g, 85%).
Spectroscopic data were consistent with previously reported data for this compound.276
M.p.: 201–203 ◦C; IR υmax (neat)/cm-1 2960, 2861, 2195, 1663, 1587, 1438, 1292,
799, 754; 1H NMR (400 MHz, CDCl3): δ 7.24–7.08 (m, 6H, CH
Ar), 5.54 (d, 1H, J = 12.2
Hz, NCHN), 3.32 (br s, 2H, CHi-Pr), 3.26–3.17 (m, 2H, CHi-Pr), 1.31 (d, 12H, J = 6.8 Hz,
CH3), 1.18 (d, J = 6.8 Hz, 12H, CH3);
13C NMR (100 MHz, C6D6): δ 155.0 (NCHN),
143.7 (CAr), 125.8 (CHAr), 123.4 (CHAr), 28.3 (CHi-Pr), 23.7 (CH3
i-Pr).
1-(1-Oxo-2-chloroethyl)-1,3-(2,6-diisopropylphenyl)formamidine 47
N N
Cl
O
Synthesised by the procedure described by Benhamou et al. 60
46 (2.00 g, 5.5 mmol) was suspended in EtOAc (25 mL) at 0 ◦C. To this suspension,
chloroacetyl chloride (0.52 mL, 6.6 mmol) and triethylamine (1.2 mL, 8.2 mmol) were
added. The reaction mixture was stirred at room temperature for 16 h, then the formed
precipitate was ﬁltered oﬀ and the ﬁltrate was concentrated to give a brown solid. This
crude solid was puriﬁed by column chromatography on silica gel (hexane/CH2Cl2, 1:1, Rf
122
= 0.3) to give the title compound as a white solid (2.4 g, 98%).
Spectroscopic data were consistent with previously reported data for this compound.60
M.p.: 218–220 ◦C; 1H NMR (400 MHz, CDCl3): δ 8.80 (s, 1H, CH), 7.48 (t, J =
7.8 Hz, 1H, CHAr), 7.32 (d, 2H, J = 7.8 Hz, CHAr), 7.14-7.07 (m, 3H, CHAr), 3.92 (br s,
2H, CH2), 2.99-2.84 (m, 4H, CH
i-Pr), 1.26 (d, J = 6.8 Hz, 12H, CH3
i-Pr), 1.13 (d, 12H, J
= 6.8 Hz, CH3
i-Pr). 13C NMR (100 MHz, CDCl3): δ 168.3 (C=O), 148.2 (NCHN), 146.3
(CAr), 145.2 (CAr), 138.7 (CAr), 130.8 (CAr), 130.5 (CHAr), 124.9 (CHAr), 124.3 (CHAr),
123.0 (CHAr), 42.6 (CH2), 28.6 (CH
i-Pr), 27.4 (CHi-Pr), 24.5 (CH3
i-Pr), 23.9 (CH3
i-Pr).
4-Hydroxy-1,3-(2,6-diisopropylphenyl)imidazolium chloride 4560
Cl
NN
H
HO
Synthesised by the procedure described by Benhamou et al. 60
Under a nitrogen atmosphere, 47 (1.00 g, 2.3 mmol) was dissolved in 1,4-dioxane (10 mL)
and heated at 100 ◦C for 16 h to form a precipitate. This solid was ﬁltered and washed
with diethyl ether to give the title compound as an oﬀ-white solid (0.94 g, 94%).
Spectroscopic data were consistent with previously reported data for this compound.60
M.p.: 225–227 ◦C; IR υmax (neat)/cm-1 2960, 2865, 2324, 1619, 1590, 1459, 1332,
871, 756; 1H NMR (400 MHz, CDCl3): δ 7.56–7.50 (m, 3H, CH
Ar, CHIm-2), 7.37–7.31 (m,
5H, CHAr, CHIm-5), 2.62–2.52 (m, 4H, CHi-Pr), 1.32 (d, 6H, J = 6.4 Hz, CH3
i-Pr), 1.30
(d, 6H, J = 6.4 Hz, CH3
i-Pr), 1.19 (d, 6H, J = 6.8 Hz, CH3
i-Pr), 1.18 (d, 6H, J = 6.8
Hz, CH3
i-Pr). 13C NMR (100 MHz, CDCl3): δ 145.9 (CH
Ar), 145.2 (CHAr), 131.9 (CAr),
131.8 (CAr), 130.4 (CAr), 125.8 (CHIm-2), 124.5 (CHAr), 124.4 (CHAr), 103.2 (CHIm-5), 29.1
(CHi-Pr), 28.7 (CHi-Pr), 25.1 (CH3), 24.3 (CH3), 23.7 (CH3), 23.5 (CH3).
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Chloro(η3-allyl)(1,3-(2,6-diisopropylphenyl)imidazolin-4-on-2-ylidene)
palladium(II) 48
NN
Pd
O
Cl
Under a nitrogen atmosphere, a suspension of 45 (200 mg, 0.45 mmol) in dry THF (17
mL) was cooled to 0 ◦C. To this suspension, LiHMDS (0.98 mL, 1 M in THF, 0.98 mmol)
was added and the solution was stirred for 30 min. Then [PdCl(η-(C3H5)]2 (82.3 mg,
0.225 mmol) was added then stirred for 2 h, allowing the mixture to warm up to room
temperature. The reaction mixture was opened to air, ﬁltered and washed with THF.
The solution was evaporated to give a residue, which was dissolved in DCM and ﬁltered
through pentane soaked silica and ﬁnally washed through using DCM/MeOH (19:1). The
solution was concentrated and then triturated with petroleum ether to give a pale green
solid (186 mg, 70%).
M.p.: Decomposes >170 ◦C; IR υmax (neat)/cm-1 2963, 2869, 2181, 2028, 1756, 1609,
1459, 1383, 1362, 1284, 1147, 935, 802, 751; 1H NMR (400 MHz, CD2Cl2) δ: 7.49–7.38 (m,
2H, CHAr), 7.33–7.23 (m, 4H, HAr), 4.84 (ddd, J = 20.5; 13.5; 7.5 Hz, 1H, CH2CHCH2),
4.52 (d, J = 20.5 Hz, 1H, C(O)CH 2), 4.38 (d, J = 20.5 Hz, 1H, C(O)CH 2), 3.87 (dd, J
= 7.5; 2.0 Hz, 1H, CH 2CHCH2), 3.35-3.25 (m, 2H, CH
i-Pr), 3.21 (dd, J = 5.8; 2.0 Hz, 1H,
CH 2CHCH2), 3.13 (septet, J = 6.8 Hz, 1H, CH
i-Pr), 2.95 (septet, J = 6.8 Hz, 1H, CHi-Pr),
2.74 (d, J = 13.5 Hz, 1H, CH2CHCH 2), 1.52 (d, J = 7.5 Hz, 1H, CH2CHCH 2), 1.43 (d,
J = 6.8 Hz, 3H, CH3
i-Pr), 1.38 (d, J = 6.8 Hz, 3H, CH3
i-Pr), 1.35-1.31 (m, 6H, CH3
i-Pr),
1.25 (d, J = 6.8 Hz, 3H, CH3
i-Pr), 1.19 (d, J = 6.8 Hz, 3H, CH3
i-Pr), 1.17 (d, J = 6.8
Hz, 3H, CH3
i-Pr), 1.10 (d, J = 6.8 Hz, 3H, CH3
i-Pr); 13C NMR (100 MHz, C6D6): δ 172.9
(C=O), 148.3 (CAr), 147.8 (CAr), 131.1 (CAr), 131.0 (CHAr), 128.9 (CHAr), 128.6 (CHAr),
128.4 (CHAr), 125.5 (CHAr), 125.2 (CHAr), 124.9 (CHAr), 115.9 (CHAr), 74.1 (CHallyl),
57.0 (CHallyl), 52.4 (CH2
Im), 30.5 (CH3), 30.4 (CH3), 29.4 (CH
allyl), 27.1 (CHi-Pr), 26.8
(CHi-Pr), 26.3 (CH3
i-Pr), 24.2 (CH3
i-Pr), 23.9 (CH3
i-Pr), 23.8 (CH3
i-Pr); HRMS (ESI)
calculated for C32H44N3OPd m/z 592.2519; found 592.2534 [(M-Cl+MeCN)
+].
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19.3 Immobilisation of Palladium Complex
Under a nitrogen atmosphere, iron-oxide/silica core shell nanoparticles (400 mg), 48 (200
mg, 0.34 mmol), and 4Å MS were suspended in toluene (8 mL). The mixture was then
heated and stirred at 110 ◦C overnight. The mixture was allowed to cool and the 4Å
molecular sieves were removed then rinsed with toluene. The resulting mixture was then
centrifuged (2500 rpm, 30 min) and the supernatant were then removed. the particles were
washed with CH2Cl2 (25 mL), centrifuged (2500 rpm, 30 min) and then the CH2Cl2 was
decanted (repeated twice). The remaining particles were dried under vacuum overnight
(411 mg, 69% mass balance).
ICP (dispersed in 50 mL acid solution) showed a palladium content of 12.156 ppm for
10.02 mg of sample, which equates to 5.7 x 10-4 mmolPd/mg of material.
TEM and EDX measurements were taken of the supported catalyst.
19.4 Synthesis of Biaryls using Suzuki-Miyaura Cross-Coupling
Reactions
General Procedure for the Suzuki-Miyaura Cross-Coupling Reaction
Br
B(OH)2
     (1 mol%)
NaOH
i-PrOH, 60 °C
18 h
R R
R
R
48
In a vial ﬁtted with a screw cap, 48 (3.1 mg, 1 mol%), i -PrOH (1 mL), aryl halide (1.00
mmol), arylboronic acid (1.05 mmol) and NaOH (22 mg, 1.10 mmol) were introduced. The
reaction was stirred at 40 ◦C for 18 h. The reaction mixture was diluted with EtOAc (x3)
and the organic phase was collected by canula ﬁltration. The aqueous layer was extracted
once more with EtOAc. The organic layers were then combined, washed with brine, dried
over MgSO4, ﬁltered and then concentrated to give the crude product. Reported yields are
isolated yields and are the average of at least two independent runs.
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p-Phenyltoluene 50a
Obtained using the general procedure from phenylboronic acid (68 mg, 0.53 mmol) and
4-bromotoluene (85.5 mg, 0.50 mmol) with 1 mol% 48, and NaOH (22 mg, 0.55 mmol) at
60 ◦C. After 18 h the title compound was isolated by column chromatography (hexane, Rf
= 0.5) as a white solid (129 mg, 76%).
Spectroscopic data for the title compound were consistent with those previously
reported.277
1H NMR (400 MHz, CDCl3): δ 7.67 (d, J = 7.6 Hz, 2H, CH
Ar), 7.58 (d, J = 7.6
Hz, 2H, CHAr), 7.51 (t, J = 7.6 Hz, 2H, CHAr), 7.41 (t, J = 7.6 Hz, 1H, CHAr), 7.33 (d,
J = 7.6 Hz, 2H, CHAr), 2.48 (s, 3H, CH3);
13C NMR (100 MHz, CDCl3): δ 141.1 (C
Ar),
138.3 (CAr), 137.0 (CAr), 129.5 (CHAr), 128.7 (CHAr), 128.6 (CHAr), 127.0 (CHAr), 126.9
(CHAr), 21.1 (CH3).
The conversion was determined by 1H NMR integration of the CH3 signal in
4-bromotoluene (δ 2.31 ppm) and the CH3 signal in 50a (δ 2.48 ppm).
o-(p-Tolyl)toluene 50b
Obtained using the general procedure from o-tolylboronic acid (68 mg, 0.53 mmol) and
4-bromotoluene (85.5 mg, 0.50 mmol) with 1 mol% 48, and NaOH (22 mg, 0.55 mmol) at
60 ◦C. After 18 h the title compound was isolated by column chromatography (hexane, Rf
= 0.5) as a white solid (120 mg, 66%).
Spectroscopic data for the title compound were consistent with those previously
reported.278
1H NMR (400 MHz, CDCl3): δ 7.39–7.30 (m, 8H, CH
Ar), 2.52 (s, 3H, CH3), 2.40
126
(s, 3H, CH3);
13C NMR (100 MHz, CDCl3): δ 141.9 (C
Ar), 139.0 (CAr), 136.3 (CAr),
135.3 (CAr), 133.7 (CAr), 129.8 (CHAr), 129.0 (CHAr), 128.7 (CHAr), 127.0 (CHAr), 125.7
(CHAr), 21.1 (CH3), 20.5 (CH3).
The conversion was determined by 1H NMR integration of the CH3 signal in
4-bromotoluene (δ 2.31 ppm) and the CH3 signal in 50b (δ 2.40 ppm).
p-Methoxy(p-tolyl)benzene 50c
O
Prepared using the general procedure from 4-methoxyphenylboronic acid (80 mg, 0.53
mmol) and 4-bromotoluene (85.5 mg, 0.50 mmol) with 1 mol% 48, and NaOH (22 mg, 0.55
mmol) at 60 ◦C. After 18 h the title compound was isolated by column chromatography
(Et2O/hexane, Rf = 0.85) as a white solid (152 mg, 77%).
Spectroscopic data for the title compound were consistent with those previously
reported.278
1H NMR (400 MHz, CDCl3): δ 7.54 (d, J = 8.5 Hz, 2H, CH
Ar), 7.48 (d, J = 8.5
Hz, 2H, CHAr), 7.26 (d, J = 8.5 Hz, 2H, CHAr), 7.00 (d, J = 8.5 Hz, 2H, CHAr), 3.88 (s,
3H, OCH3), 2.42 (s, 3H, CH3);
13C NMR (100 MHz, CDCl3): δ 158.9 (C
ArOCH3), 138.0
(CAr), 136.3 (CAr), 131.2 (CAr), 129.4 (CHAr), 127.9 (CHAr), 126.6 (CHAr), 114.1 (CHAr),
55.3 (OCH3), 21.0 (CH3).
The conversion was determined by 1H NMR integration of the CH3 signal in
4-bromotoluene (δ 2.31 ppm) and the CH3 signal in 50c (δ 2.42 ppm).
3-(4-Methylphenyl)benzaldehyde 50e
H
O
Obtained using the general procedure from 3-formylphenylboronic acid (75 mg, 0.53
mmol) and 4-bromotoluene (85.5 mg, 0.50 mmol) with 1 mol% 48, and NaOH (22 mg, 0.55
127
mmol) at 60 ◦C. After 18 h the title compound was isolated by column chromatography
(Et2O/hexane, Rf = 0.55) as a white solid (116 mg, 63%).
Spectroscopic data for the title compound were consistent with those previously
reported.277
1H NMR (400 MHz, CDCl3): δ 10.1 (s, 1H, CHO), 8.10 (s, 1H, C(O)CH
Ar), 7.89–7.79 (m,
2H), 7.61 (t, J = 7.9 Hz, 1H, CHAr), 7.55 (d, J = 7.9 Hz, 2H, CHAr), 7.30 (d, J = 7.9 Hz,
2H, CHAr), 2.43 (s, 3H, CH3);
13C NMR (100 MHz, CDCl3): δ 192.4 (CHO), 142.0 (C
Ar),
137.9 (CAr), 136.9 (CAr), 136.7 (CAr), 132.8 (CHAr), 129.7 (CHAr), 129.4 (CHAr), 128.3
(CHAr), 127.9 (CHAr), 126.9 (CHAr), 21.1 (CH3).
The conversion was determined by 1H NMR integration of the CH3 signal in
4-bromotoluene (δ 2.31 ppm) and the CH3 signal in 50e (δ 2.43 ppm).
3,4’-Dimethoxybiphenyl 50f
MeO
OMe
Synthesised using the general procedure from 4-methoxyphenylboronic acid (80 mg, 0.53
mmol) and 1-bromo-3-methoxybenzene (94 mg, 0.50 mmol) with 1 mol% 48, and NaOH
(22 mg, 0.55 mmol) at 60 ◦C. After 18 h, the title compound was isolated by column
chromatography (hexane, Rf = 0.5) as a white solid (143 mg, 67%).
Spectroscopic data for the title compound were consistent with those previously
reported.279
1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 8.5 Hz, 2H, CH
Ar), 7.37 (t, J = 8.5,
7.8 Hz, 2H, CHAr), 7.19–7.16 (m, 2H, CHAr), 7.01 (d, J = 8.5 Hz, 2H, CHAr), 3.91 (s, 3H,
OCH3), 3.89 (s, 3H, OCH3);
13C NMR (100 MHz, CDCl3): δ 159.9 (C
Ar), 159.2 (CAr),
142.2 (CAr), 133.5 (CAr), 129.6 (CHAr), 128.1 (CHAr), 119.2 (CHAr), 114.1 (CHAr), 112.4
(CHAr), 111.9 (CHAr), 55.2 (OCH3), 55.1 (OCH3).
The conversion was determined by 1H NMR integration of the OCH3 signal in
4-methoxyphenylboronic acid (δ 3.82 ppm) and the OCH3 signal in 50f (δ 3.91 ppm).
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2-(4-Methoxyphenyl)-naphthalene 50g
MeO
Prepared using the general procedure from 4-methoxyphenylboronic acid (80 mg, 0.53
mmol) and 2-bromonaphthalene (104 mg, 0.50 mmol) with 1 mol% 48 catalyst, and NaOH
(22 mg, 0.55 mmol) at 60 ◦C. After 18 h, 184 mg of the title compound was isolated by
column chromatography (Et2O/Hexane, Rf = 0.5) as a white solid (79%).
Spectroscopic data for the title compound were consistent with those previously
reported.278
1H NMR (400 MHz, CDCl3): δ 8.05 (s, 1H, CH
Ar), 7.98-7.88 (m, 2H, CHAr), 7.78
(d, J = 8.5 Hz, 2H, CHAr), 7.01 (d, J = 8.5 Hz, 2H, CHAr), 3.91 (s, 3H, OCH3);
13C
NMR (100 MHz, CDCl3): δ 159.2 (C
ArOCH3), 138.1 (C
Ar), 133.7 (CAr), 133.5 (CAr),
132.3 (CAr), 128.4 (CHAr), 128.3 (CHAr), 128.0 (CHAr), 127.7 (CHAr), 126.2 (CHAr), 125.6
(CHAr), 125.4 (CHAr), 125.0 (CHAr), 114.1 (CHAr), 55.3 (OCH3).
The conversion was determined by 1H NMR integration of the OCH3 signal in
4-methoxyphenylboronic acid (δ 3.82 ppm) and the OCH3 signal in 50g (δ 3.91 ppm).
19.5 General Procedure for the Dehalogenation Reactions
HBr
Pd (1 mol%)
NaOH
i-PrOH, 60 °C
18 h
R R
In a vial ﬁtted with a screw cap, 48 (3.1 mg, 1 mol%), i -PrOH (1 mL), aryl halide (1.0
mmol), and NaOH (44 mg, 1.1 mmol) were introduced. The reaction was stirred and heated
to 60 ◦C for 18 h. The reaction mixture was diluted with EtOAc and the organic phase
was collected by canula ﬁltration. The aqueous layer was extracted once more with EtOAc.
The organic layers were then combined, washed with brine, dried over MgSO4, ﬁltered and
then concentrated to give the crude product.
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20 Compounds from Chapter 3
Preparation of Silica Nanoparticles
Synthesised by the procedure described by Park et al. 270
To a solution of tetraethyl orthosilicate (5 mL, 23.5 mmol) in EtOH (40 mL), water (20
mL) was added, followed by addition of an ammonia solution (1 mL, 16.5 mmol). The
mixture was stirred for 3 h at room temperature during which time a white precipitate
formed. The mixture was separated using a centrifuge (2500 rpm, 30 min), the liquid was
decanted oﬀ and the particles were washed with EtOH. The particles were washed with
EtOH and centrifuged (x3), then dried under reduced pressure to give a white solid (0.40
g, 9% mass balance).
20.1 Preparation of 4-Hydroxymethylimidazolinium Salts
N,N ’-Dimesityl-2,3-diamino-1-propanol 71b
NH
N
H
HO
Synthesised by the procedure described by Mayr et al. 271
2,4,6-Trimethylaniline (2.1 mL, 14.7 mmol) was added to 2,3-dibromopropan-1-ol
(0.55 mL, 5.4 mmol) and the reaction mixture was then stirred for 16 h at 120 ◦C.
Dichloromethane (30 mL) and then a NaOH solution (15% in H2O, 30 mL) were added to
the remaining residue and the mixture was then stirred until all the solid had dissolved.
The organic layer was then separated and washed with water, dried over MgSO4, and
then ﬁltered and concentrated giving the crude product as a dark red oil. This crude oil
was puriﬁed by column chromatography on silica gel (hexane/diethyl ether, 1:1, Rf =
0.38) to give the title compound as a white solid (1.18 g, 67%).
Spectroscopic data were consistent with previously reported data for this compound.271
1H NMR (400 MHz, CDCl3): δ 6.82 (s, 2H, CH
Ar), 6.80 (s, 2H, CHAr), 3.97 (dd,
1H, J = 11.0 Hz; 2.4 Hz, CH2), 3.84 (dd, 1H, J = 11.0 Hz; 3.4 Hz, CH2), 3.60 (br s, 2H,
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NH), 3.43-3.36 (m, 1H, CH), 3.20 (dd, 1H, J = 12.0 Hz; 4.6 Hz, CH2), 2.99 (dd, 1H, J =
12.0 Hz, J = 3.7 Hz, CH2), 2.29 (s, 6H, o-CH3), 2.23 (s, 3H, p-CH3), 2.21 (s, 3H, p-CH3),
2.16 (s, 6H, o-CH3);
13C NMR (100 MHz, CDCl3): δ 142.5 (C
Ar), 141.6 (CAr), 132.2 (CAr),
130.7 (CAr), 130.3 (CAr), 129.7 (CHAr), 129.4 (CHAr), 128.7 (CAr), 65.5 (CH2O), 56.9
(CH), 51.9 (CH2N), 20.5 (p-CH3), 20.4 (p-CH3), 18.8 (o-CH3), 17.7 (o-CH3).
N,N’-Diadamantyl-2,3-diamino-1-propanol 71c
NH
N
H
HO
Synthesised by the procedure described by Mayr et al. 271
1-Adamantylamine (2.00 g, 13.2 mmol) was added to 2,3-dibromopropanol (0.52 mL, 5.1
mmol) and the mixture was stirred at 120 ◦C overnight. To the resulting solid, DCM (15
mL) and a sodium hydroxide solution (15% in H2O, 15 mL) were added and stirred for
30 min. The organic layer was separated, washed with water, then dried over MgSO4,
ﬁltered and concentrated to give a brown solid. This resulting solid was puriﬁed by column
chromatography on silica gel (CH2Cl2/MeOH/Et3N, 18:1:1, Rf = 0.25) to give the title
compound as a white solid (0.73 g, 41%).
1H NMR (400 MHz, CDCl3): δ 3.55–3.51 (m, 1H, CH), 2.74 (dd, J = 11.6; 3.7 Hz,
2H CH2), 2.52 (dd, J = 11.6 Hz; 7.8 Hz, 2H, CH2), 2.10-2.02 (m, 6H, CH
Ad), 1.68-1.58 (m,
24H, CH2
Ad); quantative 13C NMR (100 MHz, CDCl3): δ 69.9 (1C, CH2(OH)), 50.2 (2C,
CAd), 44.4 (2C, CH2
Ad), 42.9 (6C, CH2
Ad), 37.0 (6C, CH2
Ad), 29.5 (6C, CHAd); HRMS
calculated for C23H39N2O m/z 359.3062, found 359.3055 [(M+H)
+].
N,N ’-Dimesityl-2,3-diamino-1-propoxytrimethylsilane 72b
NH
N
H
(H3C)3SiO
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Synthesised by the procedure described by Mayr et al. 271
71b (1.00 g, 3.1 mmol) was dissolved in dry CH2Cl2 (15 mL). Triethylamine (0.43 mL,
3.3 mmol) and trimethylchlorosilane (0.40 mL, 3.3 mmol) were introduced to the mixture,
which was then stirred at room temperature for 2 h. After the removal of the CH2Cl2,
diethyl ether was added to precipitate triethylammonium chloride. The mixture was
ﬁltered through celite with diethyl ether and the ﬁltrate was then concentrated to give
the title compound as a yellow oil (1.20 g, 98%).
Spectroscopic data were consistent with previously reported data for this compound.271
1H NMR (400 MHz, CDCl3): δ 6.84 (d, 2H, J = 10.0 Hz, CH
Ar), 6.82 (d, 2H, J =
10.0 Hz, CHAr), 3.67 (dd, 1H, J = 10.0 Hz; 2.2 Hz, CH2), 3.64-3.56 (m, 1H, CH2), 3.59
(br s, 2H, NH), 3.52-3.49 (m, 1H, CH), 3.30-3.25 (m, 1H, CH2), 3.00-2.95 (m, 1H, CH2),
2.31-2.25 (m, 18H, CH3), 0.10 (s, 9H, Si(CH3)3).
1,3-Bis(1-mesityl)-4-hydroxymethylimidazolinium tetrafluoroborate 70b
N N
HO
BF4
H
Synthesised by the procedure described by Mayr et al. 271
72 (1.20 g, 3.0 mmol) was added to a solution of ammonium tetraﬂuoroborate (0.32 g, 3.0
mmol) dissolved in triethylorthoformate (1.3 mL, 7.5 mmol), the mixture was then heated
up to 110 ◦C for 2 h. The mixture was concentrated and to the dried residue CH2Cl2
(15 mL) was added. To this solution acetic acid (10%, 15 mL) was added. The mixture
was then stirred vigorously at room temperature over for 72 h. The CH2Cl2 layer was
separated and dried over MgSO4, ﬁltered and then concentrated to give a yellow foam.
This was recrystallised from ethanol/hexane. The precipitate was washed with hexane to
give the title compound as an oﬀ-white solid (0.61 g, 46%).
M.p.: 158–160 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.65 (s, 1H, NCHN), 6.97 (s,
4H, CHAr), 4.98-4.92 (m, 1H, CH), 4.60-4.52 (m, 2H, CH2), 3.86 (d, 1H, J = 10.8 Hz,
CH), 3.71 (d, 1H, J = 10.8 Hz, CH2), 3.63 (d, 1H, J = 10.8 Hz, CH2), 2.43 (s, 3H, CH3),
2.36 (s, 6H, CH3), 2.30 (s, 9H, CH3);
13C NMR (100 MHz, dmso-d6): δ 160.7 (NCHN),
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140.2 (CAr), 139.8 (CAr), 136.1 (CAr), 135.9 (CAr), 135.8 (CAr), 131.5 (CAr), 130.3 (CHAr),
130.2 (CHAr), 129.8 (CAr), 65.0 (CH2O), 58.8 (CHN), 52.1 (CH2N), 21.0 (p-CH3), 21.0
(p-CH3), 17.9 (o-CH3), 17.7 (o-CH3); HRMS calcd. for C22H30N2O m/z 337.2274, found
337.2278 [(M)+].
20.2 Preparation of 4-Hydroxyimidazoliun Salts
1,3-Diadamantylformamidine 75
H
N N
A mixture of 1-adamantylamine (5.00 g, 33.1 mmol), triethylorthoformate (2.8 mL, 16.5
mmol) and glacial acetic acid (0.2 mL, 3.3 mmol) was heated at 160 ◦C for 3 h while the
ethanol produced was distilled oﬀ. Diethyl ether (30 mL) was added, followed by a Na2CO3
solution (10% in H2O, 50 mL) and the organic layer was separated and evaporated to
give a white solid. This was dissolved in hexane (50 mL) and methanol (30 mL). NaOMe
(2.0 g, 37 mmol) was added and the resulting mixture was then stirred for 1 h at 100
◦C. Water was added next and the mixture was stirred vigorously. The organic layer was
separated, dried over MgSO4, ﬁltered and concentrated to give the title compound as a
ﬁne white powder (1.30 g, 25%).
M.p.: 213–214 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.60 (s, 1H, NCHN), 2.08 (s,
6H, CHAd), 1.72–1.56 (m, 24H, CH2
Ad); 13C NMR (100 MHz, CDCl3): δ 146.0 (NCHN),
46.2 (CAd), 44.5 (CH2
Ad), 36.4 (CH2
Ad), 29.6 (CHAd); HRMS (ESI) calculated for
C21H33N2 m/z 313.2644, found 313.2646 [(M+H)
+].
N -Chloroacetyl-1-aminoadamantane 76
NH
O
Cl
To a suspension of K2CO3 (3.70 g, 26.5 mmol) in acetonitrile (50 mL), 1-adamantylamine
(2.0 g, 13.2 mmol) was added portion-wise. Then, chloroacetyl chloride (1.1 mL, 13.2
mmol) was introduced and the reaction mixture was stirred at room temperature
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overnight. The resulting precipitate was ﬁltered oﬀ and washed with MeCN. The ﬁltrate
was then concentrated and triturated with n-hexane, then dried under vacuum to give
the title compound as a white solid (2.01 g, 67%).
Spectroscopic data were consistent with previously reported data for this compound.273
M.p.: 109–111 ◦C; IR υmax (neat)/cm-1 3264, 3084, 2905, 2851, 1661, 1568, 1408,
1360, 1235, 1093, 802, 705; 1H NMR (400 MHz, CDCl3): δ 6.22 (br s, 1H, NH), 3.93 (s,
2H, CH2), 2.10 (s, 3H, CH
Ad), 2.02 (s, 6H, CH2
Ad), 1.69 (s, 6H, CH2
Ad); 13C NMR (100
MHz, CDCl3): δ 164.6 (C=O), 52.4 (CH2Cl), 42.9 (C
Ad), 41.2 (CH2
Ad), 36.2 (CH2
Ad),
29.3 (CHAd).
N -Adamantylacetyl-1-aminoadamantane 77
NH
O
HN
To 76 (100 mg, 0.44 mmol), 1-adamantylamine (80 mg, 0.52 mmol), sodium bicarbonate
(150 mg, 1.76 mmol) and MeCN (2 mL) were added, mixed and stirred at 80 ◦C for
18 h. After cooling to room temperature, the mixture was concentrated under reduced
pressure. The resulting residue was dissolved in dichloromethane, washed with water and
brine, dried over MgSO4, ﬁltered and concentrated under reduced pressure to give the
title compound as a white solid (137 mg, 91%).
M.p.: 188–190 ◦C; IR υmax (neat)/cm-1 3283, 2903, 2849, 2220, 1647, 1524, 1450,
1358, 1307, 1100, 925, 727; 1H NMR (400 MHz, CDCl3): δ 7.43 (br s, 1H, NH), 3.24
(s, 2H, CH2), 2.14-2.08 (m, 6H, CH
Ad), 2.06-2.00 (m, 6H, CH2
Ad), 1.72–1.55 (m, 18H,
CH2
Ad); 13C NMR (100 MHz, CDCl3): δ 171.9 (C=O), 51.0 (C(O)CH2), 44.6 (C
Ad), 42.7
(CH2
Ad), 41.6 (CH2
Ad), 36.4 (CAd), 29.4 (CHAd); HRMS (ESI) calculated for C22H35N2O
m/z 343.2749; found 343.2736 [(M+H)+].
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4-Hydroxy-1,3-(adamantyl)imidazolinium tetrafluoroborate 78
N N
HO
H
BF4
N N
O
H
BF4
To 77 (1.00 g, 2.9 mmol), ammonium tetraﬂuoroborate (1.88 g, 17.5 mmol) and
triethylorthoformate (10 mL) were added. The mixture was stirred at 120 ◦C for
18 h, during which the white suspension turned orange. The resulting mixture was
concentrated under reduced pressure and MeCN was added to the residue obtained.
The precipitate formed was redissolved in dichloromethane and ﬁltered to remove any
remaining ammonium tetraﬂuoroborate and the resulting ﬁltrate was concentrated to give
the title compound as a white solid (0.74 g, 58%).
M.p.: 269–271 ◦C; IR υmax (neat)/cm-1 3325, 2907, 2852, 2337, 1679, 1563, 1452,
1344, 1300, 1037, 860; 1H NMR (400 MHz, CDCl3): δ 8.69 (br s, 1H, NCHN), 6.20 (s, 1H,
C(OH)=CH ), 4.14 (s, 2H, C(O)CH2), 2.26 (s, 3H, CH
Ad), 2.03 (s, 15H, CHAd, CH2
Ad),
1.72–1.67 (m, 12H, CH2
Ad); 13C NMR (100 MHz, CDCl3): δ 165.3 (C=O), 164.6 (NCHN),
61.9 (CAd), 52.9 (CAd), 48.7 (CH2
Im), 41.1 (CH2
Ad), 40.3 (CH2
Ad), 36.3 (CH2
Ad), 35.5
(CH2
Ad), 29.4 (CHAd), 29.3 (CHAd); HRMS (ESI) calculated for C23H33N2OBF4 m/z
722.5170; found 722.5435 [(2M+H2O)
+].
20.3 Immobilisation of the Ligand
N N
O BF4
4Å MS, DMF 
150 °C,16 h
Support
N N
O BF4
H
Support
H
On Silica Flakes support
Under a dinitrogen atmosphere, silica ﬂakes (35 mg, 58 mmol), 78 (20 mg, 0.045 mmol)
and 4Å MS were suspended in DMF (1 mL). The mixture was then heated and stirred
at 150 ◦C overnight. The mixture was then allowed to cool and the 4Å molecular sieves
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were removed then rinsed with CH2Cl2. The resulting mixture was then centrifuged (2500
rpm, 30 min) and the supernatant were then removed (repeated twice). The particles were
washed with EtOH (25 mL), centrifuged (2500 rpm, 30 min) and then the EtOH was
decanted. The remaining particles were dried under vacuum overnight (52 mg, 95% mass
balance).
On Silica NP support
Under N2, silica nanoparticles (100 mg, 1.67 mmol), 78 (100 mg, 0.23 mmol) and 4Å
MS were suspended in DMF (1 mL) and the mixture was heated and stirred at 150 ◦C
overnight. The mixture was then allowed to cool and the 4Å molecular sieves were removed
then rinsed with CH2Cl2. The resulting mixture was then centrifuged (2500 rpm, 30 min)
and the supernatant was then removed (repeated twice). The particles were washed with
EtOH (25 mL), centrifuged (2500 rpm, 30 min) and then the EtOH was removed. The
remaining particles were dried under vacuum overnight (119 mg, 99% mass balance).
On Silica-Coated Fe
3
O
4
NP support
A suspension of iron-core/silica nanoparticles (200 mg), 78 (100 mg, 0.23 mmol), 4Å MS
and DMF (1 mL) were stirred using an orbital stirrer under reﬂux for 16 h. The mixture was
then allowed to cool and the 4Å molecular sieves were removed then rinsed with CH2Cl2.
The resulting mixture was then centrifuged (2500 rpm, 30 min) and the supernatant was
then removed (repeated twice). The particles were washed with EtOH (25 mL), centrifuged
(2500 rpm, 30 min) and then the EtOH was removed. The remaining particles were dried
under the vacuum overnight (232 mg, 77%)
20.4 Preparation of Immobilised Complex
N N
O BF4
N N
O
CuI
THF, RT, 18 h
Support Support
NaOt-Bu, CuI
H
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On silica flake support (SiOFk80)
The modiﬁed silica ﬂakes (50 mg), CuI (8 mg, 0.045 mmol) and NaOt-Bu (4 mg, 0.045
mmol) were introduced into a round bottomed ﬂask, ﬂushed with N2, then suspended in
dry THF (2 mL) and stirred for 18 h at room temperature. The resulting mixture was
centrifuged (2500 rpm, 30 min), DCM was added (20 mL) and the mixture was then
centrifuged and the supernatant was removed (repeated three times). The particles were
then dried overnight under vacuum (55 mg, 95% mass balance).
TEM and EDX measurements were taken of the supported catalyst.
IR υmax (neat)/cm-1 3565, 2334, 1602, 1391, 1201, 1148, 1028.
On Silica nanoparticle support (SiONP80)
The modiﬁed silica nanoparticles (125 mg, 0.045 mmol) were added to CuI (8 mg, 0.045
mmol) and NaOt-Bu (4 mg, 0.045 mmol), the mixture was suspended in dry THF (2
mL), then stirred for 18 h at room temperature. The mixture was centrifuged (2500
rpm, 30 min), DCM was added (20 mL) and the mixture was then centrifuged and the
supernatant was removed (repeated three times). The particles were then dried overnight
under vacuum. (134 mg, 98% mass balance). ICP (dispersed in 50 mL acid solution)
showed copper content of 2.025 ppm for 10 mg of sample, which equates to 1.595 x 10-4
mmolCu/mg of material.
TEM and EDX measurements were taken of the supported catalyst.
IR υmax (neat)/cm-1 3338, 2167, 1630, 1064.
On silica-coated Fe
3
O
4
nanoparticle support (FeSiO80)
The magnetite silica nanoparticles (230 mg), CuI (20 mg, 0.11 mmol) and NaOt-Bu (11
mg, 0.11 mmol) were ﬂushed with N2, then suspended in dry THF (2 mL) and stirred
for 18 h at room temperature. The mixture was centrifuged (2500 rpm, 30 min) and
the solvent was decanted. After addition of DCM (20 mL), the suspension was then
centrifuged and the supernatant was removed (repeated three times). The particles were
then dried overnight under vacuum. (240 mg, 96% mass balance). ICP (dispersed in 50
mL acid solution) showed copper content of 5.107 ppm for 12.4 mg of sample, which
equates to 3.240 x 10-4 mmolCu/mg of material.
TEM and EDX measurements were taken of the supported catalyst.
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IR υmax (neat)/cm-1 3374, 1984, 1653, 968.
20.5 Preparation of Triazoles 81
General Procedure for the [3+2] Cycloaddition of Azides and Alkynes
R1 N3 R
2
N
N
NR
1
R2
FeSiO
(0.25−0.5 mol %)
H2O, RT     40°C
18 h
80
A vial ﬁtted with a screw cap was charged with FeSiO80 (8 mg, 0.25 mol% or 16 mg,
0.5 mol%), water (1 mL), azide (1 mmol) and alkyne (1 mmol). The reaction was stirred
or shaken vigorously at either room temperature or 40 ◦C for 18 h. EtOAc was added
and the organic layer was decanted using a magnet to separate the catalyst. More EtOAc
was added and the organic washings were combined and washed with brine, dried over
MgSO4, ﬁltered and concentrated under reduced pressure to give the expected triazoles.
The reaction products were found to be at least 95% pure by 1H NMR. Reported yields
are isolated yields and are the average of at least two independent runs.
1-Benzyl-4-phenyl-1H-[1,2,3]triazole 81a
N
N
N
Using the general procedure from benzyl azide (62 µL, 0.5 mmol) and phenylacetylene
(55 µL, 0.5 mmol) with 0.25 mol% [Cu] at room temperature, the title compound was
isolated as an oﬀ-white solid (108 mg, 92%).
Spectroscopic data for the title compound were consistent with those reported
previously.280
M.p.: 128–130 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.81 (d, J = 7.7 Hz, 2H, H
Ar),
7.69 (s, 1H, NCH=), 7.42–7.29 (m, 8H, HAr), 5.58 (s, 2H, CH2);
13C NMR (100 MHz,
CDCl3): δ 148.2 (NCH=C ), 134.6 (C
Ar), 130.5 (CAr), 129.1 (CHAr), 128.8 (CHAr), 128.2
138
(CHAr), 128.1 (CHAr), 125.7 (CHAr), 119.5 (NCH=C), 54.3 (CH2).
The conversion was determined by 1H NMR integration of the CH2N3 signal in benzyl
azide (δ 4.35 ppm) and the CH2N signal in 81a (δ 5.58 ppm).
4-Cyclopropyl-1-(1-phenylethyl)-1H-[1,2,3]triazole 81b
N
N
N
Using the general procedure from (1-azidoethyl)benzene (147 mg, 1 mmol) and
ethynylcyclopropane (84 µL, 1 mmol) with 0.5 mol% [Cu] at 40 ◦C, the title compound
was isolated as a white solid (180 mg, 84%).
Spectroscopic data for the title compound were consistent with those reported
previously.281
M.p.: 61–62 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.38–7.32 (m, 3H, H
Ar), 7.26–7.24
(m, 2H, HAr), 7.12 (s, 1H, NCH=), 5.76 (q, J = 7.0 Hz, 1H, CHCH3), 1.95 (d, J = 7.0
Hz, 3H, CH3), 1.93–1.87 (m, 1H, CH
cyclopropyl), 0.93–0.90 (m, 2H, CH2), 0.84–0.80 (m, 2H,
CH2);
13C NMR (100 MHz, CDCl3): δ 150.2 (NCH=C ), 140.1 (C
Ar), 128.9 (CHAr), 128.4
(CHAr), 126.5 (CHAr), 118.4 (NCH=), 60.0 (CHCH3), 21.2 (CH3), 7.7 (CH
cyclopropyl),
6.8 (CH2
cyclopropyl); HRMS (ESI) calculated for C13H16N3 m/z 214.1344, found 214.1338
[(M+H)+].
The conversion was determined by 1H NMR integration of the CHN3 signal in
(1-azidoethyl)benzene (δ 4.64 ppm) and the CHN signal in 81b (δ 5.76 ppm).
1-Benzyl-4-(trimethylsilyl)-1H-[1,2,3]triazole 81c
N
N
N
SiMe3
Using the general procedure from benzyl azide (124 µL, 1 mmol) and
trimethylsilylacetylene (128 µL, 1 mmol) with 0.5 mol% [Cu] at room temperature,
the title compound was isolated as a brown solid after washing with pentane (185 mg,
80%).
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Spectroscopic data for the title compound were consistent with those reported
previously.282
M.p.: 62–63 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.42 (s, 1H, NCH=), 7.38–7.36
(m, 3H, HAr), 7.30-7.26 (m, 2H, HAr), 5.56 (s, 2H, CH2), 0.31 (s, 9H, Si(CH3)3).
13C
NMR (100 MHz, CDCl3): δ 149.7 (NCH=C ), 133.2 (C
Ar), 129.3 (CHAr), 129.1 (CHAr),
128.9 (CHAr), 127.1 (CHAr), 55.5 (CH2), 0.80 (Si(CH3)3); HRMS (ESI) calculated for
C12H18N3Si m/z 232.1270, found 232.1259 [(M+H)
+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in benzyl
azide (δ 4.35 ppm) and the CHN signal in 81c (δ 5.56 ppm).
1-Hexyl-4-(butyl)-1H-[1,2,3]triazole 81d
N
N
N
Using the general procedure from 1-azidohexane (127 mg, 1 mmol) and 1-hexyne (118 µL,
1 mmol) with 0.25 mol% [Cu] at room temperature, the title compound was isolated as a
yellow oil (195 mg, 93%).
Spectroscopic data for the title compound were consistent with those reported
previously.283
1H NMR (400 MHz, CDCl3): δ 7.26 (s, 1H, NCH=), 4.31 (t, J = 7.5 Hz, 2H,
CH2N), 2.72 (t, J = 7.2 Hz, CCH 2), 1.89-1.85 (m, 2H, CH2), 1.66-1.63 (m, 2H, CH2),
1.35–1.28 (m, 8H, CH2), 0.93 (t, J = 7.5 Hz, 3H, CH3), 0.90 (t, J = 7.5 Hz, 3H, CH3);
13C NMR (100 MHz, CDCl3): δ 148.4 (NCH=C ), 120.3 (NCH=C), 50.2 (CH2) 31.5
(CH2), 31.1 (CH2), 30.2 (CH2), 26.2 (CH2), 25.4 (CH2CH2CH3), 22.4 (CH2CH3), 22.3
(CH2CH3), 13.8 (CH3), 13.7 (CH3); HRMS (ESI) calculated for C12H24N3 m/z 210.1970,
found 209.1987 [(M+H)+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in benzyl
azide (δ 3.23 ppm) and the CH2N signal in 81d (δ 4.31 ppm).
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2-(1-Benzyl-1H-1,2,3-triazol-4-yl)propan-2-ol 81e
N
N
N
OH
Using the general procedure from benzyl azide (124 µL, 1 mmol) and
2-methylbut-3-yne-2-ol (98 µL, 1 mmol) with 0.25 mol% 80 at 40 ◦C, the title
compound was isolated as an oﬀ-white solid after washing with pentane (193 mg, 89%).
Spectroscopic data for the title compound were consistent with those reported
previously.282
M.p.: 80–82 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.40-7.35 (m, 4H, H
Ar and NCH=),
7.30-7.28 (m, 2H, HAr), 5.50 (s, 2H, CH2N), 1.62 (s, 6H, C(CH3)2OH);
13C NMR (100
MHz, CDCl3): δ 156.1 (NCH=C ), 134.5 (CH
Ar), 129.1 (CHAr), 128.8 (CHAr), 128.2
(CHAr), 119.3 (NCH=C), 68.3 (C (CH3)2OH), 54.0 (CH2), 30.4 (CH3); HRMS (ESI)
calculated for C12H16N3O m/z 218.1293, found 218.1300 [(M+H)
+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in benzyl
azide (δ 4.35 ppm) and the CH2N signal in 81e (δ 5.50 ppm).
(1-Phenyl-1H-[1,2,3]triazol-4-ylmethyl)dimethylamine 81f
N
N
N
NMe2
Using the general procedure from phenyl azide (60 mg, 0.5 mmol) and
1-dimethylamino-2-propyne (84 µL, 0.5 mmol) with 0.25 mol% [Cu] at room temperature,
the title compound was isolated as an oﬀ-white solid (88 mg, 87%).
Spectroscopic data for the title compound were consistent with those reported
previously.284
M.p.: 77–79 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.98 (s, 1H, NCH=), 7.75 (d, J =
7.5 Hz, 2H, HAr), 7.53 (t, J = 7.5 Hz, 2H, HAr), 7.44 (t, 1H, J = 7.5 Hz, HAr), 3.72 (s,
2H, CH2), 2.36 (s, 6H, N(CH3)2);
13C NMR (100 MHz, CDCl3): δ 145.9 (NCH=C ), 137.1
(CAr), 129.7 (CHAr), 128.6 (CHAr), 120.6 (CHAr), 120.4 (NCH=C), 54.4 (CH2N), 45.2
141
(CH3); HRMS (ESI) calculated for C11H15N4 m/z 203.1297, found 203.1290 [(M+H)
+].
The conversion was determined by 1H NMR integration of the CH2NMe2 signal in
1-dimethylamino-2-propyne (δ 3.07 ppm) and the CH2 signal in 81f (δ 3.72 ppm).
Ethyl 1-(2-(1,3-dioxolan-2-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 81g
N
N
N
O
O
OEt
O
Using the general procedure from 2-(2-azidoethyl)-1,3-dioxolane (72 mg, 0.5 mmol) and
ethyl propiolate (50 µL, 0.5 mmol) with 0.25 mol% [Cu] at 40 ◦C, the title compound was
isolated as a light yellow oil (117 mg, 98% yield).
Spectroscopic data for the title compound were consistent with those reported
previously.251
1H NMR (400 MHz, CDCl3): δ 8.13 (s, 1H, NCH=), 4.93 (t, J = 4.0 Hz, 1H, OCHO),
4.58 (t, J = 7.0 Hz, 2H, CH2CH2N), 4.44 (q, J = 7.0 Hz, 2H, OCH 2CH3), 4.03-3.83
(m, 4H, OCH2CH2O), 2.34 (td, J = 7.0; 4.0 Hz, 2H, CHCH 2CH2), 1.42 (t, J = 7.0 Hz,
3H, OCH2CH3);
13C NMR (100 MHz, CDCl3): δ 160.2 (C=O), 139.2 (=CCO2Et), 127.5
(CH=C), 127.5 (OCHO), 64.6 (OCH2CH2O), 64.5 (OCH2CH2O), 60.6 (OCH2CH3), 45.0
(CH2CH2N), 33.2 (CH2CH2N), 13.7 (CH3); HRMS (ESI) calculated for C10H16N3O4 m/z
242.1141, found 242.1149 [(M+H)+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in
2-(2-azidoethyl)-1,3-dioxolane (δ 3.44 ppm) and the CH2N signal in 81g (δ 4.58 ppm).
4-Phenyl-1-(3-phenyl-2-propenyl)-1H-[1,2,3]triazole 81h
N
N
N
Using the general procedure from cinnamyl azide (80 mg, 0.5 mmol) and phenylacetylene
(55 µL, 0.5 mmol) with 0.25 mol% [Cu] at 40 ◦C, the title compound was isolated as an
oﬀ-white solid after washing with pentane (116 mg, 89%).
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Spectroscopic data for the title compound were consistent with those reported
previously.285
M.p.: 131–133 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.87–7.81 (m, 3H, H
Ar and NCH=),
7.44–7.30 (m, 8H, HAr), 6.69 (br d, J = 15.7 Hz, 1H, CH=CHCH2), 6.37 (dt, J = 15.7;
6.5 Hz, 1H, CHCH2), 5.15 (d, J = 6.5 Hz, 2H, CH2);
13C NMR (100 MHz, CDCl3): δ
147.9 (NCH=C ), 135.3 (CAr), 135.2 (CAr), 130.5 (CHAr), 128.7 (CHAr), 128.6 (CHAr),
128.4 (CHAr), 128.0 (CHAr), 126.6 (PhCH=), 125.6 (PhCH=C ), 121.8 (CHAr), 119.4
(NCH=C), 52.3(CH2N); HRMS (ESI) calculated for C17H16N3 262.1344, found 262.1354
[(M+H)+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in cinnamyl
azide (δ 3.94 ppm) and the CH2N signal in 81h (δ 5.15 ppm).
4-Cyclohexenyl-1-(4-nitrobenzyl)-1H-1,2,3-triazole 81i
N
N
N
O2N
Using the general procedure from 1-azidomethyl-4-nitrobenzene (178 mg, 1 mmol) and
1-ethynylcyclohexene (118 µL, 1 mmol) with 0.25 mol% [Cu] at 40 ◦C, the title compound
was isolated as a white solid (185 mg, 65%).
Spectroscopic data for the title compound were consistent with those reported
previously.132
M.p.: 110–111 ◦C; 1H NMR (400 MHz, CDCl3): δ 8.21 (d,
3JHH = 8.6 Hz, 2H,
HAr), 7.41 (s, 1H, NCH=), 7.40 (d, 3JHH = 8.6 Hz, 2H, HAr), 6.54 (br s, 1H, =CHCH2),
5.63 (s, 2H, NCH2), 2.36–2.20 (m, 2H, H
cyclohexenyl), 2.23–2.11 (m, 2H, Hcyclohexenyl),
1.77–1.60 (m, 4H, Hcyclohexenyl); 13C NMR (100 MHz, CDCl3): δ 150.4 (NCH=C ), 147.9
(C-NO2), 142.0 (C
Ar), 128.4 (CHAr), 126.9 (C=CHCH2), 125.7 (C=CHCH2), 124.2
(CHAr), 118.4 (NCH=C), 52.9 (CH2N), 26.3 (CH2), 25.2 (CH2), 22.3 (CH2), 22.1 (CH2).
The conversion was determined by 1H NMR integration of the CH2N3 signal in
1-azidomethyl-4-nitrobenzene (δ 4.51 ppm) and the CH2N signal in 81i (δ 5.63 ppm).
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4-(3-Chloro-propyl)-1-(4-methoxy-benzyl)-1H-[1,2,3]triazole 81j
N
N
N
O Cl
Using the general procedure from 4-methoxybenzyl azide (163 mg, 1 mmol) and
1-chloropent-4-yne (106 µL, 1 mmol) with 0.5 mol% [Cu] at room temperature, the title
compound was isolated as an oﬀ-white solid after washing with pentane (255 mg, 96%).
Spectroscopic data for the title compound were consistent with those reported
previously.281
M.p.: 53–55 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.25–7.19 (m, 3H, H
Ar and NCH=), 6.90
(d, J = 8.4 Hz, 2H, HAr), 5.43 (s, 2H, CH2N), 3.81 (s, 3H, OCH3), 3.56 (t, J = 6.0 Hz, 2H,
CH2Cl), 2.85 (t, J = 6.0 Hz, 2H, =CCH 2), 2.15 (quintet, J = 6.0 Hz, CH2CH 2CH2Cl);
13C NMR (100 MHz, CDCl3): δ 159.8 (=CCH2), 146.8 (NCH=C ), 129.6 (CH
Ar), 126.7
(CHAr), 114.4 (CH−CCH2), 55.3 (OCH3), 53.7 (CH2N), 44.2 (CH2Cl), 31.7 (=CCH2),
22.7 (CH2CH2CH2Cl); HRMS (ESI) calculated for C13H17ClN3O m/z 266.1060, found
266.1060 [(M+H)+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in
4-methoxybenzyl azide (δ 4.31 ppm) and the CH2N signal in 81j (δ 5.43 ppm).
1-(3,5-Bis-trifluoromethylbenzyl)-4-phenyl-1H-[1,2,3]triazole 81k
N
N
N
F3C
CF3
Using the general procedure from 1-azidomethyl-3,5-bis-triﬂuoromethylbenzene (269 mg,
1 mmol) and phenylacetylene (110 µL, 1 mmol) with 0.25 mol% [Cu] at 40 ◦C, the title
compound was isolated as a white solid after washing with pentane (165 mg, 89%).
Spectroscopic data for the title compound were consistent with those reported
previously.286
M.p.: 53–54 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.90 (s, 1H, NCH=), 7.83 (d, J =
7.5 Hz, 2H, HAr), 7.79 (d, J = 2.5 Hz, 2H, HAr), 7.43 (t, J = 7.5 Hz, 2H, HAr), 7.39–7.35
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(m, 1H, HAr), 5.72, (s, 2H, CH2);
13C NMR (100 MHz, CDCl3): δ 148.8 (NCH=C ),
137.3 (CAr), 132.7 (q, J = 33.8 Hz, CF3), 130.0 (C
Ar), 128.9 (CHAr), 128.5 (CHAr), 128.0
(CHAr), 125.8 (CHAr), 123.1-122.8 (m, C–CF3), 121.5 (CH
Ar), 119.5 (NCH=C), 53.0
(CH2); HRMS (ESI) calculated for C17H12F6N3 m/z 372.0935, found 372.0946 [(M+H)
+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in
1-azidomethyl-3,5-bis-triﬂuoromethylbenzene (δ 4.56 ppm) and the CH2N signal in 81k
(δ 5.58 ppm).
1-(2-Diisopropylaminoethyl)-4-phenyl-1H-[1,2,3]triazole 81l
N
N
NN
Using the general procedure from N -(2-azidoethyl)-N-isopropyl-2-propanamine (85 mg, 0.5
mmol) and phenylacetylene (55 µL, 0.5 mmol) with 0.25 mol% [Cu] at room temperature,
the title compound was isolated as a yellow oil (118 mg, 87%).
Spectroscopic data for the title compound were consistent with those reported
previously.284
1H NMR (400 MHz, CDCl3): δ = 7.84–7.81 (m, 3H, H
Ar), 7.45 (t, J = 6.4 Hz,
2H, HAr), 7.35 (t, J = 6.4 Hz, 1H, HAr), 4.38 (t, J = 6.4 Hz, 2H, CH2), 3.04 (septet,
J = 6.6 Hz, 2H, CH(CH3)2), 2.95 (t, J = 6.4 Hz, 2H, CH2) 0.99 (d, J = 6.5 Hz, 12H,
CH3);
13C NMR (100 MHz, CDCl3): δ 147.1 (NCH=C ), 130.9 (C
Ar), 128.8 (CHAr), 127.9
(CHAr), 125.7 (CHAr), 120.8 (NCH=C), 51.2 (CH2N), 48.7 (CHN), 45.7 (CH2N), 20.8
(CH3). HRMS (ESI) calculated for C16H25N4 m/z 273.2079, found 273.2086 [(M+H)
+].
The conversion was determined by 1H NMR integration of the CH2N3 signal in
N -(2-azidoethyl)-N-isopropyl-2-propanamine (δ 3.01 ppm) and the CH2N signal in 81l (δ
4.38 ppm).
Ethyl 1-benzyl-1H-1,2,3-triazole-4-carboxylate 81m
N
N
N
O
OEt
145
Using the general procedure from benzyl azide (124 µL, 1 mmol) and ethyl propiolate
(100 µL, 1 mmol) with 0.25 mol% [Cu] at 40 ◦C, the title compound was isolated as a
oﬀ-white solid (221 mg, 97%).
Spectroscopic data for the title compound were consistent with those reported
previously.280
M.p.: 87–89 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.98 (s, 1H, H
Ar), 7.37-7.30 (m,
5H, HAr and NCH), 5.59 (s, 2H, CH2N), 4.41 (q, J = 7.0 Hz, 2H, CH 2CH3), 1.40 (t, J =
7.0 Hz, 3H, CH3);
13C NMR (100 MHz, CDCl3): δ 181.5 (CO), 160.6 (NCH=C ), 140.6
(CAr), 133.7 (CHAr), 129.1 (CHAr), 128.1 (CHAr), 127.2 (NCH=C), 61.2 (CH2, CH2CH3),
54.5 (CH2), 14.2 (CH3).
The conversion was determined by 1H NMR integration of the CH2N3 signal in benzyl
azide (δ 4.35 ppm) and the CH2N signal in 81m (δ 5.59 ppm).
1-(2-(1,3-Dioxolan-2-yl)ethyl)-4-phenyl-1H-[1,2,3]triazole 81n
N
N
N
O
O
Using the general procedure from 2-(2-azidoethyl)-1,3-dioxolane (143 mg, 1 mmol) and
phenylacetylene (110 µL, 1 mmol) with 0.25 mol% [Cu] at 40 ◦C, the title compound was
isolated as oﬀ-white solid (215 mg, 88%).
Spectroscopic data for the title compound were consistent with those reported
previously.132
M.p.: 81–83 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.87-7.80 (m, 3H, H
Ar), 7.43 (t, J
= 7.5 Hz, 2H, HAr), 7.34 (t, J = 7.5 Hz, 1H, HAr), 4.96 (t, J = 4.0 Hz, 1H, OCHO),
4.57 (t, J = 7.0 Hz, 2H, CH2N), 4.07–3.96 (m, 4H, OCH2CH2O), 2.35 (td, J = 7.0; 4.0
Hz, 2H, CH2CH2N);
13C NMR (100 MHz, CDCl3): δ 147.4 (NCH=C ), 130.6 (C
Ar), 128.7
(CHAr), 128.0 (CHAr), 125.6 (CHAr), 119.8 (NCH=C), 101.4 (OCHO), 65.0 (CH2O), 45.3
(NCH2), 34.0 (NCH2CH2).
The conversion was determined by 1H NMR integration of the CH2N3 signal in
2-(2-azidoethyl)-1,3-dioxolane (δ 3.44 ppm) and the CH2N signal in 81n (δ 4.57 ppm).
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